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Stimulating Cardiac Muscle by Light
Cardiac Optogenetics by Cell Delivery

Zhiheng Jia, MS; Virginijus Valiunas, PhD; Zongju Lu, PhD; Harold Bien, MD, PhD;
Huilin Liu, MS; Hong-Zhang Wang, PhD; Barbara Rosati, PhD; Peter R. Brink, PhD;
Ira S. Cohen, MD, PhD; Emilia Entcheva, PhD

Background—After the recent cloning of light-sensitive ion channels and their expression in mammalian cells, a new field,
optogenetics, emerged in neuroscience, allowing for precise perturbations of neural circuits by light. However,
functionality of optogenetic tools has not been fully explored outside neuroscience, and a nonviral, nonembryogenesis-
based strategy for optogenetics has not been shown before.

Methods and Results—We demonstrate the utility of optogenetics to cardiac muscle by a tandem cell unit (TCU) strategy,
in which nonexcitable cells carry exogenous light-sensitive ion channels, and, when electrically coupled to
cardiomyocytes, produce optically excitable heart tissue. A stable channelrhodopsin2 (ChR2)-expressing cell line was
developed, characterized, and used as a cell delivery system. The TCU strategy was validated in vitro in cell pairs with
adult canine myocytes (for a wide range of coupling strengths) and in cardiac syncytium with neonatal rat
cardiomyocytes. For the first time, we combined optical excitation and optical imaging to capture light-triggered muscle
contractions and high-resolution propagation maps of light-triggered electric waves, found to be quantitatively
indistinguishable from electrically triggered waves.

Conclusions—Our results demonstrate feasibility to control excitation and contraction in cardiac muscle by light, using the
TCU approach. Optical pacing in this case uses less energy, offers superior spatiotemporal control and remote access
and can serve not only as an elegant tool in arrhythmia research but may form the basis for a new generation of
light-driven cardiac pacemakers and muscle actuators. The TCU strategy is extendable to (nonviral) stem cell therapy
and is directly relevant to in vivo applications. (Circ Arrhythm Electrophysiol. 2011;4:753-760.)
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he simplest known opto-electric transducers in nature are

a class of light-sensitive transmembrane proteins, best
represented by bacteriorhodopsin, converting photons into
transmembrane voltage through proton pumping. Since their
discovery,! the prokaryote rhodopsins have been viewed as
potential bioelectronics components? due to offered ultrafine
spatiotemporal control by light. The latter is of equal interest in
excitability control of eukaryotic cells. The cloning of Channel-
rhodopsin2 (ChR2) by Nagel, Hegemann, and colleagues® ex-
panded the field beyond microorganisms. These ion channels
provide excitatory current with relatively fast kinetics and can
effectively trigger electric impulses (action potentials) in excit-
able cells. Since 2005,*5 numerous neuroscience applications in
vitro and in vivo delineated a new research area, termed
“optogenetics”+%-12—the precise interrogation, stimulation, and
control by light of excitable tissue, genetically altered to become
light-sensitive.

Editorial see p 598
Clinical Perspective on p 760

The use of optogenetics in other excitable tissues, for
example, cardiac, skeletal, and smooth muscle, has been
virtually nonexistent until very recently.'3-15> At the end of
2010, Bruegmann et al'* combined viral expression of a
ChR2 variant with a CAG promoter into mouse embryonic
stem cells with targeted differentiation and purification of
embryonic stem cell-derived cardiomyocytes for in vitro
demonstration of optical pacing. They also generated trans-
genic mice with cardiac ChR2 expression, in which normal
rhythm was perturbed by light pulses and focal arrhythmias
were induced by long pulses. A transgenic zebra fish was
used by Arrenberg et al'# to spatially map the exact cardiac
pacemaking region by structured illumination. At the same
time, our group succeeded in developing the first nonviral
strategy to optogenetics that does not rely on embryogenesis
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Figure 1. The functional “tandem cell unit” (TCU) concept of
donor-host cells. Nonexcitable cells (eg, HEK cells) are trans-
fected to express a light-sensitive ion channel (ChR2). When
coupled through gap junctions to excitable cardiomyocytes
(CM), they form an optically controllable functional TCU, that is,
the CM will generate an action potential on light-triggered open-
ing of the depolarizing ChR2 in the HEK cell.

and is applicable at the syncytial level—work presented in
abstract form in 2010,'> and reported in this article.

Unlike the brain, cardiac tissue is composed of densely
packed, highly coupled cardiomyocytes, integrating electric
and mechanical function. The heart’s electromechanical func-
tion requires synchrony of excitation waves for efficient
global contraction, achieved by cell-cell coupling through gap
junction channels formed by Connexin43 (Cx43) in the
ventricular portion of the heart. We exploit the heart’s high
coupling aspect to develop and validate a nonviral cell
delivery system for expression of light-sensitive ion channels.
Figure 1 illustrates the concept of a “tandem cell unit” (TCU),
formed by a host cardiomyocyte and a nonexcitable donor
cell, carrying exogenous ion channels, for example, ChR2.
Biophysically, for this unit to be functional (to fire an action
potential on light excitation), low-resistance coupling is
needed for closing the local electric circuits. Our group has
previously validated this concept for generation of a 2-cell
pacemaking unit using cardiomyocytes and stem cells ex-
pressing a pacemaking ion channel.!¢

The TCU strategy, if proven successful, has potential safety
advantages over viral delivery methods used in all prior opto-
genetics studies and may be applicable for study and treatment
of cardiac rhythm disorders. In this work, we demonstrate the
utility of optogenetics in the development of a more robust and
energy-efficient solution for cardiac stimulation/actuation by (1)
using a nonviral, cell delivery strategy to create optically
excitable cardiac muscle, extendable to in vivo applications; (2)
applying biophysical methods to validate the TCU strategy in
cell pairs and in cardiac syncytium in vitro; and (3) demonstrat-
ing an all-optical sensing and actuation in a cardiac syncytium
by combining optical stimulation with high-resolution optical
mapping for quantification of wave properties under optical
versus electric stimulation.

Methods

As a proof-of-principle cell delivery system, we developed a stable
HEK cell line expressing ChR2 and capable of Cx43-mediated

coupling'® to cardiomyocytes to generate optically excitable cardiac
tissue. The ChR2 plasmid, developed by the Deisseroth’s laboratory,
was obtained from Addgene, Cambridge, MA (pcDNA3.1/
hChR2(H134R)-EYFP), grown in replication-deficient bacteria, pu-
rified, and sequenced to confirm the published map. Transfection of
the HEK293 cells (ATCC, Manassas, VA) was done with the use of
Lipofectamine 2000 (Invitrogen, Carlsbad, CA), followed by 500
pg/mL Geneticin (GIBCO Invitrogen) selection to achieve >98%
expression. A detailed description of the Methods is available in the
online-only Data Supplement.

We used whole-cell patch-clamp to confirm ChR2-mediated inward
current inducible by pulses of blue light (470/40 nm) in the developed
cell line. The TCU concept was validated using a dual-patch technique'®
in cell pairs of adult canine cardiomyocytes (CM), isolated as described
before,'® and HEK-ChR2 cells, as well as in coculture of neonatal rat
CM!7-19 with ChR2-expressing HEK cells at initial plating ratio 100:1
or 45:1. Without explicit suppression of proliferation, within the 2 to 3
days to experiments, the effective ratio was severalfold lower. These in
vitro syncytia were used for tissue-level optical mapping of excitation
and contraction. In some experiments, carbenoxolone, a gap-junction
uncoupler, was applied as described to probe the role of cellular
coupling in the TCU approach.

Electric stimulation was provided through Platinum electrodes,
driven by a computer-controlled stimulator. For most experiments,
optical stimulation was through the dish bottom, by focused light
from a blue LED (470 nm, 1.35 cd, 20 mA) or a fiberoptics-coupled
high-power blue LED (470 nm, 1.6 A), connected to the TTL output
of a second computer-driven stimulator.

Optical tracking of excitation waves was done using Rhod-4, a
calcium-sensitive probe, with excitation at 525/40 nm and emission
at 610/75 nm to avoid interference of the stimulation light with the
dye’s excitation spectrum. A nonconventional distributed tangential
illumination was used to accommodate optical stimulation and for
superior contrast. Emitted light was collected through high-NA
optics and a fast intensified CMOS camera. Records of contractility
were done with Hamamatsu ImagEM EMCCD camera on a confocal
Olympus FluoView FV1000.

Data from multiple samples are presented, as indicated, using
standard deviation, standard error of the mean, or 95% confidence
intervals. Statistical testing for functional data on propagation was
done in Matlab using a standard 2-way ANOVA, followed by a
Tukey-Kramer correction for multiple comparisons; probability val-
ues are listed for all comparisons. Normality of the distributions was
confirmed by Kolmogorov-Smirnov test in Matlab, except for data
on coupling in cell pairs, in which nonparametric population statis-
tics was applied (median and interquartile range). Curve-fitting was
done also in Matlab, using the robust nonlinear least-squares fit
method, with prespecified equations for the desired curve types, for
example, a sigmoidal curve or exponential decay.

Results and Discussion

Development and Characterization of a Cell
Delivery System for Nonviral Optogenetics
To validate the TCU strategy for cardiac optogenetics, as a
proof of principle, we developed a stable HEK cell line
expressing a variant of ChR2. Figure 2A through 2E illus-
trates the properties of such donor cell line. Preserved
expression and functionality were established for the
HEK-ChR2 cell line after multiple freeze-thaw cycles and
multiple passages (passages 2 to 30 were used for functional
experiments, Figure 2A). Successful expression is possible in
other nonexcitable cell types, including mesenchymal stem
cells (online-only Data Supplement Figure I), which may
yield more clinically relevant cell delivery systems.
Confirmation of ChR2 functionality was done by whole-cell
voltage clamp. Quantification of the steady-state light-sensitive
ion current in single HEK-ChR2 cells (Figure 2B and 2C)
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Figure 2. Development and functional characterization of a cell delivery system for light-sensitive ion channel (ChR2). A, Stable HEK-
ChR2 cell line: Shown is EYFP-reported ChR2 expression in the 10th passage after transfection and purification; scale bar is 50 um. B,
Voltage-clamp test protocol and example traces for quantification of the steady-state ChR2 current in single HEK-ChR2 cells with
500-ms voltage pulses in the range (—80 to +50mV) with and without excitation light for ChR2 on (470 nm, 0.24 mW/mm?). C, Example
curves for the light-sensitive component after subtraction of current in dark and the resultant average current-voltage (I-V) relationship
for n=12 cells, cell capacitance 43.3x7.5 pF; data are presented as mean=SD. D, Magnitude of the light-triggered current does not
depend on the duration of rest (At rest) or activation (At act), thus indicating relatively fast deactivation in the examined range. Holding
potential is —80 mV. E, Kinetics of activation (on) and deactivation (off), quantified by a 7, parameter in the sigmoid curve fits to the
light-controlled current transitions (see inset); bar graphs represent mean=SEM.

revealed that the channel is closed and noncontributing during
dark periods regardless of transmembrane voltage and has a
mildly inwardly rectifying current-voltage (I-V) relationship
when blue light is applied. Overall, significantly higher steady-
state current densities were seen in our donor cells at all voltages
in the I-V relationship, even at the low irradiance used here (0.24
mW/mm?), compared with previously reported light-induced
ChR2 current in HEK cells,?® Caenorhabditis elegans muscle
cells,!® or in cardiomyocytes.!* For example, for comparable
irradiance levels, at holding potential of —40 mV, about 20-
times-higher steady-state current densities were measured in our
donor cells compared with ventricular myocytes from a trans-
genic mouse expressing ChR2.'3 These data confirm high
expression levels and/or functionality of ChR2 in the developed
cell delivery system, important for optimizing light stimulation
parameters.

Recent comprehensive characterization of ChR2 current
kinetics indicates fast activation (<5 ms), deactivation (<10

ms), and inactivation (<50 ms),?° thus making it suitable as
excitatory (action potential-generating) current for cardio-
myocytes during external optical pacing at relevant frequen-
cies (5 to 12 Hz for rodents, 1 to 3 Hz for humans). Indeed,
our kinetics characterization (Figure 2D and 2E) estimates the
activation and deactivation time constants for ChR2-mediated
current in the ms range. Therefore, suitable rates for cardiac
pacing are attainable even without genetic modifications, as
previously done for neural applications, in which faster
optogenetic tools in conjunction with much shorter action
potentials allowed for pacing rates up to 200 Hz.”

In contrast to the robust expression of ChR2 in HEK
cells, much lower yield was seen when directly transfect-
ing cardiomyocytes with ChR2 with the use of nucleofec-
tor electroporation. This prevented direct synthesis of a
large-scale ventricular syncytium from ChR2-expressing
myocytes. Nevertheless, individual ChR2-expressing neo-
natal rat ventricular myocytes were excitable and contract-
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Figure 3. Implementation and validation
of the “tandem cell unit” (TCU) concept
for neonatal rat cardiomyocytes (CM) and
adult canine CM coupled to HEK+ChR2
cells. A, Phase and fluorescence images
of neonatal rat CM and HEK-ChR2 cocul-
ture. Immunostaining in red for a-actinin
(CMs), green is EYFP-ChR2-expressing
HEK cells, typically forming small clusters
as shown. Scale bar is 20 um. B, West-
ern blot for Connexin43 (Cx43) and
a-tubulin (at 55 kD) in the cell delivery
system (HEK-ChR2; column 2); column 1
shows a positive control of stably trans-
fected HelLa-Cx43 cells; column 3 shows
parental HEK cells without ChR2; column
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ing when optically stimulated and quiescent otherwise
(online-only Data Supplement Movie 1).

Validation of the TCU Strategy for

Cardiac Excitation

The TCU approach for cardiac optogenetics, that is, inscribing
light sensitivity into cardiomyocytes and cardiac tissue without
their direct genetic modifications, was validated in cell pairs of
CM and HEK-ChR?2 cells as well as in a synthesized large-scale
cardiac syncytium. ChR2-expressing donor cells were most
often found to aggregate in small clusters among the neonatal
CMs rather than disperse as single cells (Figure 3A). The donor
cells expressed a significant amount of Cx43, as confirmed by a

Western blot (Figure 3B). Interestingly, substantially more Cx43
protein was seen in the HEK-ChR2 cells compared with the
parental cell line without ChR2, an observation that warrants
further investigation.

Functional response of TCUs to optical stimulation was
first confirmed in cell pairs of adult canine CM and HEK-
ChR2 cells using dual-clamp to estimate coupling (Figure 3C
and 3D) and to record light-triggered action potentials in the
cardiomyocytes (Figure 3E and 3F). A histogram of measured
coupling in spontaneously formed cell pairs (n=31) of canine
CM and HEK-ChR2 over 48-hour period is shown (Figure
3C). A robust response was seen in a wide range of coupling
values spanning an order of magnitude, starting as low as 1.5
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nS. Interestingly, a similar low critical coupling value (1.5 to
2 nS), below which TCU functionality failed, was found
previously in the generation of a 2-cell pacemaking unit by a
donor cell carrying HCN2 (a gene encoding for the pacemak-
ing current I;) and a cardiomyocyte.'® Extreme uncoupling
abolished the light sensitivity of the myocytes in the TCUs—
values below 1.5 nS and pharmacological uncoupling with
cabenoxolone provided further proof for gap junctions’ crit-
ical role in the TCU functionality for neonatal rat and for
adult canine myocytes (Figure 3F and online-only Data
Supplement Movie 2).

In a functional TCU pair, the cardiomyocytes generated
normal action potentials on stimulation by blue light (470 nm,
0.13 mW/mm?, 10-ms pulses; Figure 3E), indistinguishable
from electrically triggered ones. The donor cell’s membrane
potential followed passively by a low-pass filtered version of
an action potential(Figure 3E). In a spatially extended (sev-
eral centimeters), 2-dimensional cardiac syncytium of ran-
domly mixed neonatal rat CMs and HEK-ChR2 (45:1 initial
plating ratio), robust synchronous contractions were regis-
tered on stimulation by blue light 2 to 3 days after plating
(online-only Data Supplement Movie 3).

Wave Properties of Cardiac Syncytium in
Response to Optical Versus Electric Stimulation
Synthesized optically excitable cardiac tissue was then sub-
jected to further functional testing. Synchronized wave prop-
agation is essential for the heart’s normal functionality and
efficient mechanical contraction; lethal arrhythmias occur
when the generation or propagation of these excitation waves
is altered (failure to initiate, abnormal propagation velocity
and/or path). Accordingly, we have developed an ultra—high-
resolution optical mapping system'8-'° to dissect cardiac wave
propagation during external pacing or arrhythmic activity
over a centimeter scale (=2 cm) with subcellular resolution
(22 pm/pix) at 200 fps, using fast voltage and calcium-
sensitive dyes.'® This optical mapping system was made
compatible with simultaneous optical excitation (Figure 4A),
so that excitation light for the fluorescence measurements
did not induce ChR2 excitation and ChR2 excitation did
not interfere with the measurements. Although mapping
was done with Rhod-4, a calcium-sensitive fluorescent
dye, suitable voltage-sensitive probes with similar spectral
properties can also be used, for example, di-4 or di-8-
ANEPPS. '8 In normal pacing conditions, cardiac calcium
transients are an excellent surrogate for action potentials,
and calcium dyes outperform voltage-sensitive dyes in
signal-to-noise ratio.

Optical mapping of propagating waves triggered by local-
ized electric and optical stimulation in the same sample
revealed similar conduction velocities and calcium transient
morphologies, thus confirming equivalent triggering abilities
for both modes of stimulation (Figure 4B through 4E and
online-only Data Supplement Movie 4). Pure cardiomyocyte
cultures and cocultures of cardiomyocytes and HEK cells
without ChR2 served as controls. At the mixing ratios used
here, the presence of HEK cells, with or without ChR2, did
not alter the recorded calcium transients (Figure 4C and 4D;
P=0.36 with ChR2, P=0.44 without ChR2). However, the

Jia et al Cell-Based Cardiac Optogenetics 757

mixing ratio was a significant factor (P<<0.0001) in modulat-
ing CV, as revealed by a 2-way ANOVA, that is, about 30%
drop in CV was seen at initial plating ratios of 45:1
(CM:HEK), whereas a ratio of 100:1 led to a smaller
(nonsignificant, P=0.06) reduction (Figure 4E). The presence
of ChR2 did not contribute as a significant factor in CV
modulation (P=0.16), even though a slight trend to a de-
crease was seen. Further titration (higher mixing ratios)
and/or localized spatial distribution are likely to minimize
these effects. Electric and optical pacing in light-sensitive
samples (CM:HEK+ChR?2) resulted in identical wave prop-
agation properties. The controls (CM only and CM+HEK
without ChR2) were quiescent and never produced excitation
in response to light triggers.

The response of the syncytium to optical excitation was
captured by constructing a strength-duration curve, describ-
ing minimum irradiance over a range of pulse duration values
for a point excitation of the 2D syncytium (2-mm fiberoptic-
coupled controllable LED, Figure 4F). The fitted curve
revealed a particularly low minimal irradiance levels (average
rheobase?! for excitation of about 0.05 mW/mm?)—at least
an order of magnitude lower than previously shown values
for optical stimulation of ventricular or atrial tissue.’> Within
the tested diameter for light delivery, macroscopic excitabil-
ity remained uniform across the tissue. However, we antici-
pate that donor cell clustering (Figure 3A) must be addressed
to achieve maximal spatial resolution of excitation, down to
the single-cell level.

Considering the electromechanical nature of cardiomyo-
cytes, we also show direct light-triggered muscle contraction,
confirming intact excitation-contraction coupling in single
myocytes or hybrid cardiac tissue (Figure 4G and online-only
Data Supplement Movies 1 to 3). This demonstration of
mechanical response triggered by light-sensitive ion channels
suggests possible development of light-driven actuators with
efficient energy transfer and illustrates the feasibility for
direct optogenetic control in other muscles.

Energy Needs in Cardiac Optogenetics

Previous studies in neuroscience have reported optical ener-
gies used to excite single neurons or brain tissue*%22 in a wide
range of high values (approximately 8 to 75 mW/mm?). The
well-coupled spatially extended cardiac tissue was expected
to present higher load for optical stimulation, thus possibly
requiring even higher irradiance values. Yet, surprisingly, in
Bruegmann et al’s study,!? significantly lower light levels
(0.5 to 7 mW/mm?) were sufficient to optically stimulate
cardiac tissue in vitro or in vivo for a wide range of pulse
durations.

In our TCU approach, during optical pacing in the cell
pairs or in the 2-dimensional cardiac syncytium, we measured
irradiance at 470 nm as low as 0.006 mW/mm?. The strength-
duration curve (Figure 4F) further corroborated low irradi-
ance needed across pulse durations. Interestingly, this is
much lower than reported for neuroscience applications and
about 1 to 2 orders of magnitude lower than previously
reported values for cardiac excitation in cells and tissue!? for
comparable pulse durations. The significantly lower optical
energy needed in our study can be explained, at least
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Figure 4. Optical control of cardiac tissue

electrode

function over space-time: Light-triggered
excitation waves and light-triggered contrac-
tions. A, Experimental setup for ultra—high-
resolution, high-speed optical imaging and
optical control of cardiac excitation: 1, Experi-
mental chamber with tangential light illumina-
tion for calcium imaging, focused LED illumi-
nation on a moveable stage for light-sensitive
ion channel (ChR2) excitation (see inset on
the right); 2, high-NA optics for high-
resolution macroscopic imaging; 3, Gen lll
MCP intensifier; 4, pco1200hs CMOS cam-
era; 5, light source, excitation filter, and opti-

(35mm)

cal light guides for tangential excitation; 6,
computer system and software for data
acquisition and control of electric and optical
stimulation; 7, interface for stimulation control;
8, controllable stimulator for electric pacing

electrical stimulation

optical stimulation

(analog output); 9, controllable stimulator for
optical pacing (TTL output); 10, LED for ChR2
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tion for the fitted curve) obtained for optical
pacing in cocultures (100:1 CM:HEK ratio) at
30°C (n=8, mean=SEM). G, Example con-
tractility recording from optically driven
CM+HEK+ChR2, displacement normalized
to cell length. Scale bar is 1 second.

partially, by the superior light sensitivity of the donor cells as
seen in the higher ChR2 current densities (Figure 2C). Further
differences when compared with optical excitation of ventric-
ular and atrial tissue may stem from dimensionality (2D in the
present study versus 3D!3).

It is important to note that in contrast to a previous study,'?
no (proarrhythmic) reexcitations were observed during longer
stimulation pulses (up to 1 second) at our low illumination
intensities, close to the rheobase of the strength-duration
curve. This low light intensity is an important factor in
minimizing heat-related effects, phototoxicity, and in consid-
ering future implantable devices.

An interesting question concerns comparison of energy
needed for electric versus optical pacing. In our system,
energy needed for suprathreshold stimulation of
2-dimensional cardiac syncytium can be estimated as follows:

For typical electric pacing (5 V, 0.2 A, 0.01-second pulses),
we obtain 10 mJ. For optical stimulation with an LED (5 V,
0.02 A, 0.01- to 0.05-second pulses), we obtain 1 to 5 mlJ.
Considering the possibility for optimization of light focusing
as well as the active development of more efficient light-
emitting diodes (more lumens per Watt), it is likely that
optical stimulation may be more energy efficient than its
electric counterpart. Because pacemaking (unlike cardiover-
sion) is a topologically simple problem, that is, a spatially
localized (light-sensitive) cell ensemble can be used, the TCU
strategy may prove particularly valuable in pursuing potential
clinical applications, given the above energy considerations.
However, the challenges of achieving efficient light delivery
to a densely packed tissue, such as the myocardium, should
not be underestimated, and ultimately in vivo testing is
needed.
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Potential Benefits of the TCU Strategy and In
Vivo Considerations

When comparing the TCU strategy with the direct expression
of ChR2 in native myocytes (mostly by viral methods),
several important differences are worth mentioning (see also
online-only Data Supplement Figure II): (1) the donor (D)
cells are nonexcitable and typically do not have major
repolarizing currents, that is, the ChR2 inward current is their
main current, unlike native CMs; (2) the D-cells have higher
membrane impedance at rest due to smaller/negligible inward
rectifier, I, and typically have a more depolarized resting
potential; and (3) compared with CM-CM coupling, the
D-CM coupling is typically somewhat reduced. We ask the
question: What factors in the TCU approach affect the ease of
excitation and how is the TCU response to light different than
the response of a homogeneous myocardial tissue with direct
expression of ChR2?

For a spatially extended tissue, when the cell pair (TCU) is
connected to some “load” of excitable cells (CMs), the
system can be abstracted to a Source-Neighbor-Load (S-N-L)
triad for easier analysis. A simplified equivalent circuit of
such a triad is presented in online-only Data Supplement
Figure II, D, and analysis is provided in detail in the
online-only Data Supplement.

The main results of this analysis (online-only Data Sup-
plement Figure II, D) are that the ease of optical excitation
will improve with (1) higher membrane impedance for the
source/donor cell (as seen for a D versus CM source cell),
since that makes it closer to an ideal current source, and a
higher excitation current is available for the neighboring CMs
for the same light-induced current in the source, (2) lower
membrane impedance of the immediate CM neighbors, de-
termined by their K+ conductance, and (3) better S-N
coupling but reduced coupling in the load and reduced overall
impedance of the load. It is important to note that for spatially
dispersed donor cells, as here, the S-N coupling in the S-N-L
triad plays a dual role, that is, it affects both the S-N charge
transfer and the equivalent “load” presented by the tissue.
Since the two have opposite effects on the ease to excite,
there may be an optimal D-CM coupling for excitation via the
TCU strategy.

Having a dedicated donor cell may also provide additional
benefits by allowing donor cell optimization independent of
the properties of the target tissue, for example, maximizing
the light sensitivity by achieving high current densities in the
donor with proper cellular environment for the function of the
ChR2 channels.

The presented cell delivery method can be viewed as an
easy and accessible research tool for basic studies in vitro. Its
feasibility for potential in vivo cardiac pacing is supported by
prior relevant studies, including one using mesenchymal stem
cells with a depolarizing current, I in a canine heart,? in
which the cells’ survival and functionality was demonstrated
for at least several weeks. In that study, about 0.7 million
cells were delivered, 40% of them carrying the HCN2 gene,
encoding for an I-like current, expressed at comparable
densities to our ChR2 current.>* The cell number needed for
localized excitation can be further inferred from consider-
ations of tissue properties, that is, estimates of “liminal
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length” (the minimum size of tissue capable of exciting the
rest),252¢ which in some cases can be derived from the
strength-duration curve. Recent estimates by computer sim-
ulations of a related problem—Iocalized generation of early
or delayed afterdepolarizations?’—yielded about 0.7 million
cells in a cluster required for maximum load (worst case
scenario), that is, 3D highly coupled ventricular myocardium.
With decreased coupling and other load reductions, this cell
number also decreased. Because we did not perform experi-
ments with a confined cell region in 2D, it is difficult to
directly relate to these estimates. Nevertheless, these studies
support the general feasibility of in vivo cell delivery for
optical pacing by the TCU approach, provided that an
appropriate light delivery solution is found. Optimizing the
light sensitivity of the donor cells partially alleviates these
challenges. Compared with pacing, cardioversion and defi-
brillation are topologically more complicated problems due to
their inherent spatial component and requirement for spatially
distributed light sensitivity and light delivery. Stability and
long-term functionality of ChR2 in vivo have not been
studied rigorously, but preliminary data from ChR2 use in
primate brains over several months are promising in terms of
persistence and lack of toxicity.?®

Conclusions

In summary, our study highlights the utility of optogenetics
for cardiac applications by using a strategy inspired by the
specific properties of cardiac tissue, that is, high cell-cell
coupling. The optogenetic approach offers high spatiotempo-
ral resolution for precise interrogation and control of excita-
tion, seemingly without interfering with essential cardiac
tissue properties. Therefore, it presents a new versatile
actuation tool in cardiac research for dissection of arrhyth-
mias. Furthermore, cardiac optogenetics, based on the TCU
strategy presented in the present study, may evolve in a more
translational direction and lead to a new generation of optical
pacemakers and potentially cardioverter/defibrillators. The
feasibility of this is supported by several critical features of
the method presented in the present study: (1) desirable
pacing rates achievable with the current kinetics of ChR2; (2)
finer control of excitation and repolarization in shaping
cardiac action potentials and potentially in terminating ar-
rhythmias is possible by a combination of light-sensitive ion
channels providing outward current’-8 and ChR2; (3) the cell
delivery platform demonstrated here may offer a safer alter-
native to viral delivery for in vivo applications; (4) optical
fibers are inherently more biocompatible than metal electrode
leads for in vivo pacing; and (5) preliminary energy estimates
point to potential fold improvements in energy consumption
with optical versus electric pacing—important for extending
battery life in implantable devices.
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CLINICAL PERSPECTIVE

Recently, basic research in neuroscience has been revolutionized by the use of cloned light-sensitive ion channels,
originally found in microorganisms, for precise spatiotemporal perturbation and control of neurons in different parts of the
brain. The potential of this new approach, termed optogenetics, is being explored for clinical use in deep brain stimulation.
In the present study, we demonstrate the utility of optogenetics for pacing of cardiac muscle. We show that a cell delivery
strategy can be used to inscribe light-sensitivity in cardiac tissue. Nonexcitable cells, for example, autologous cells from
a patient, can potentially be induced to express such light-sensitive ion channels (Channelrhodopsin-2) that provide robust
depolarizing current on light stimulation. When electrically coupled to the surrounding cardiomyocytes, the delivered cells
can produce optically excitable heart tissue. We validated this approach in a 2-dimensional in vitro syncytium and show
that the triggered excitation waves by electric pacing and by optical pacing have identical properties and that the genetic
modification does not adversely alter the electrophysiology of the cardiac tissue. Our results demonstrate feasibility to
control excitation and contraction in cardiac muscle by light. Because optical pacing in this case uses less energy and offers
superior spatiotemporal control and remote access, we believe that it can serve not only as an elegant tool in arrhythmia
research but may form the basis for a new generation of light-driven cardiac pacemakers and muscle actuators.
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|. DETAILED METHODS

Development of a ChR2-expressing stable cell line

A bacterial stock containing the pcDNA3.1/hChR2(H134R)-EYFP plasmid was obtained from
Addgene and amplified in selective Luria-Bertani (LB) medium. Plasmid DNA was extracted
using Qiagen HiSpeed Plasmid kit (Qiagen, Valencia, CA), ethanol-precipitated and
resuspended in endotoxin-free water for use in cell trasnfections. After verification of identity by

restriction digestion and sequencing, it was stored at -20°C at the obtained concentration

(typically 2-4 pug/ml), later diluted to 1 ug/ml for transfection.

HEK293 cells (ATCC, Manassas, VA) were transfected with the plasmid using Lipofectamine™
2000 (Invitrogen) as directed: 4 ug of DNA and 10(1ug of Lipofectamine in 250 pul medium for a
35mm dish with cells. Gene expression was examined by EYFP signal the next day. 48 hours
after transfection, cells were switched to selection medium, containing 500 pug/ml Geneticin
(GIBCO Invitrogen). The selected cells with a high fluorescence signal were maintained in
Geneticin (500 pg/ml) containing culture medium at 37° in a humidified atmosphere incubator
with 5% CO,and 95% air. Expanded HEK cell cultures showing near 100% expression were

frozen at -80C for later use. Immediately prior to use, the HEK-ChR2 cells were grown in DMEM
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(Dulbecco’s Modified Eagle’s Medium, GIBCO Invitrogen) supplemented with 10% FBS (fetal
bovine serum, Sigma-Aldrich, St Louis, MO) and 1% penicillin-streptomycin (Sigma) at 37°, 5%
CO.. Expression and functional properties were confirmed in passages 2 to 20 and used in co-

culture experiments with cardiomyocytes.

Confirmation and analysis of light-triggered ChR2-current in the cell delivery system

ChR2 cell membrane expression was confirmed in virtually 100% of the transfected HEK cells
(Fig. 2b) using EYFP fluorescence as a marker. For functional measurements of the ChR2-
current, the HEK-ChR2 cells were harvested by trypsinization, replated at low density on
polylysine-coated coverslips and stored in DMEM medium at 37° in a humidified atmosphere
incubator with 5% CO.,. The membrane current was recorded in single cell by whole-cell patch
clamp with an Axopatch 1D amplifier (Axon instruments Inc, Foster City, CA). Borosilicate glass
pipettes (World Precision Instruments Inc., Sarasota, FL) were pulled on a Flaming-Brown—type
pipette puller (Sutter Instrument Co, Novato, CA) and heat-polished before use. Pipette
resistances measured in Tyrode's solution were 3-4 MQ when filled with pipette solution. The
pipette solution contained (mmol/L) potassium aspartate 80, KCI 50, MgCl, 1, MgATP 3, EGTA
10 and HEPES 10 (pH 7.4 with KOH). The external solution contained (mmol/L) KCI 5.4, NaCl
140, MgCl; 1,CaCl; 1.8, HEPES 10 and Glucose 10 (pH 7.4 with NaOH). Membrane currents
were recorded, digitized (DIGIDATA 1320A, Axon Instruments) and stored for offline analysis.
There was a liquid junction potential of ~10 mV between the bath solutions and the electrode
solution. The current was recorded as depolarizing 500ms pulses from -80 mV to +50mV with
and without illumination (Fig. 2). The light-triggered ChR2- current was determined by
subtracting the “off” light trace from the recorded response of light “on”. lllumination pulses were
generated using the microscope-attached fluorescence light unit, filtered at 470nm. The light-

triggered inward ChR2-current was reproducible upon repeated on/off light pulses.
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The kinetics of light-triggered ChR2-current was examined as the cells were clamped at -80mV
after obtaining whole-cell configuration, and light pulses of variable duration and spacing were

applied sequentially. For the analysis of the current kinetics — activation and deactivation time-

constants - nonlinear sigmoidal curve fit was applied to the rising and the falling portion upon

light on/off pulse (Fig. 2d-e). The slope parameter (1) was quantified.

Optically-excitable cardiac syncytium: primary cardiomyocyte cell culture and co-culture

with HEK-ChR2 cells

Neonatal Sprague-Dawley rats were sacrificed and cardiomyocytes were isolated by an
approved Stony Brook University IACUC protocol as previously described’>. Briefly, the
ventricular portion of the hearts was excised and washed free of blood. The tissue was cut into
small pieces and enzymatically digested overnight with trypsin at 4° (1mg/ml, USB, Cleveland,
OH), and then with collagenase at 37° (1mg/ml, Worthington, Lakewood, NJ) the next morning.
Cardiac fibroblasts were removed by a two-stage pre-plating process. In some transfection

experiments, these cardiac fibroblasts were used in conjunction with electroporation.

Cardiomyocytes were then plated onto fibronectin-coated glass coverslips at high density: 4x10°
cells/cm? for the control myocyte group and 3.5x%10° cells/cm? for the co-culture groups, mixed
with approximately 7,700 or 3,500 HEK cells (for 45:1 and 100:1 initial plating ratios) onto glass
bottom dishes in M199 medium (GIBCO Invitrogen) supplemented with 10% fetal bovine serum
(GIBCO Invitrogen) for the first 2 days and then reduced to 2%. Cultures were maintained in an

incubator at 37° with 5% CO, for 4 to 5 days before functional measurements.



Direct expression of ChR2-EYFP in cardiomyocytes, cardiac fibroblasts and

mesenchymal stem cells

Freshly isolated neonatal rat cardiomyocytes and cardiac fibroblasts, as well as mesenchymal
stem cells, were transfected by electroporation using a Nucleofector device (Amaxa Lonza,
Gaithersburg, MD) as follows: 4 ug of plasmid DNA was mixed with 100 ul of nucleofector
solution for transfecting 4x10° cells. Human mesenchymal stem cells (hMSC) were purchased
from Clonetics/BioWhittaker, Walkersville, MD, USA, and cultured in mesenchymal stem cell
growth medium - Poietics-MSCGM (BioWhittaker). Canine mesenchymal stem cells (cMSC)
were isolated from the bone marrow of adult dogs and cultured in Poietics-MSCGM. Flow
cytometry revealed 93.9% CD44" and 6.1% cells were CD34". Cells with spindle-like
morphology were selected after flow cytometry characterization and replated for use.
Transfected cells were incubated in normal culture conditions. Similar conditions were used to
transfect cardiac fibroblasts or stem cells via electroporation. Expression of fluorescence was

detected 24 to 48 hours after transfection using confocal fluorescence imaging.

Images were processed as follows: background fluorescence was first subtracted for images of
control (non-transfected) and transfected cells of the same type. Then the remaining integral
fluorescence over identical areas was used to form a ratio (transfected/average control) in order

to quantify and compare different cell types, see Suppl. Fig 1.

Demonstration of TCU functionality in cell pairs of adult canine ventricular myocytes and

HEK-ChR2

Adult mongrel dogs were euthanized as per IACUC protocol at Stony Brook University by
intravenous injection of sodium pentobarbitone (80mg/kg body weight) and the heart was

removed. Canine ventricular cells were isolated using a modified Langendorff procedure®



perfusing a wedge of the left ventricle through a coronary artery with 0.5 mg ml™" collagenase
(Worthington) and 0.08 mg ml™" protease (Sigma) for 10 min before tissue digestion. Prior to
plating, isolated cardiomyocytes were stored in Kraft-Briihe (KB) solution (in mM: KCI, 83;
KoHPO,, 30; MgSQO,, 5; Na-Pyruvic Acid, 5; B-OH-Butyric Acid, 5; Creatine, 5; Taurine, 20;
Glucose, 10; EGTA, 0.5; KOH, 2; and Na,-ATP, 5; pH was adjusted to 7.2 with KOH) at room
temperature. The canine ventricular myocytes were plated onto laminin-coated glass coverslips

(10 pg/ml, Invitrogen) and incubated in a 37 °C to ensure attachment. HEK-ChR2 cells were

added within 24h at low density to stimulate formation of individual cell pairs and the co-culture
was maintained in Medium 199 (Gibco) supplemented with 15% FBS, 2 mm I-glutamine, 100 U

ml~" penicillin, 100 ug ml™" streptomycin and 50 ug ml™" gentamicin.

Dual patch clamp experiments were performed within 48 hours after plating. Briefly,
experiments were carried out on heterologous (HEK-ChR2 - canine myocyte) cell pairs within 48
hours after plating, as described previously’. A dual whole-cell voltage-clamp method was used
to control and record the membrane potential of both cells and to measure associated
membrane and junctional currents”®. Each cell of a pair was voltage clamped at the same
potential by two separate patch clamp amplifiers (Axopatch 200, Axon Instruments). To record
junctional conductance, brief voltage steps (+10 mV, 400 ms) were applied to one cell of a pair,
whereas the other cell was held at constant voltage and the junctional currents were recorded

from the unstepped cell. Membrane and action potentials were recorded in current-clamp mode.

For electrical recordings, glass coverslips with adherent cells were transferred to an
experimental chamber mounted on the stage of an inverted microscope (Olympus-IX71)
equipped with a fluorescence imaging system. The chamber was perfused at room temperature
(~22 °C) with bath solution containing (in mM): NaCl, 140; Mg Cl,, 1; KCI, 5; CaCl,, 2; HEPES,
5 (pH 7.4); glucose, 10. Perfusion with 200uM of carbenoxolone (Sigma) was used to block cell-
cell communication. The patch pipettes were filled with solution containing (in mM): K*
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aspartate’, 120; NaCl, 10; MgATP, 3; HEPES, 5 (pH 7.2); EGTA, 10 (pCa ~8). Patch pipettes
were pulled from glass capillaries (code GC150F-10; Harvard Apparatus) with a horizontal puller
(DMZ-Universal, Zeitz-Instrumente). When filled, the resistance of the pipettes measured 1-4M

Q.

Immunostaining of co-cultures

For immunocytochemistry, the co-cultures were fixed and permeabilized with 3.7%
formaldehyde and 0.02% Triton-X 100 before being stained with a monoclonal mouse antibody
against sarcomeric a-actinin (Sigma). Samples were visualized using goat anti-mouse antibody
conjugated with fluorophore Alexa 546 (Invitrogen) and imaged on the Olympus FluoView

confocal system.

Western blots of Cx43 and a-tubulin

Cells from three groups (HEK293, HEK+ChR2 and stably transfected HeLa+Cx43 cells)
were collected, lysed and centrifuged to obtain a pellet. The pellets were re-suspended in cold
RIPA buffer (R0278, Sigma), protease Inhibitor cocktail (P2714, Sigma), sodium orthovanadate
(S-6508, Sigma) and PMSF (P-7626, Sigma); after centrifugation, the supernatants were
transferred to pre chilled microtubes. Protein concentration for each sample was determined by
the Bradford assay. Total protein of 30 micrograms from each lysate was mixed with equal
volume of laemmli sample buffer (161-0737, Bio-Rad, Hercules, CA) containing B-
mercaptoethanol and boiled for 5 minutes at 95°C. After centrifugation, samples were loaded on
a SDS-polacrylamide gel. MagicMark XP Protein Standard (LC5602, Invitrogen) was loaded
along with the samples. After separation by electrophoresis at 115 V for 90 minutes in tris-
glycine/SDS buffer, proteins were transferred to immobilon-P membrane (Millipore, Billerica,

MA) by electrophoresis at 100 V for 60 minutes in tris-glycine/methanol buffer. Nonspecific



antibody binding was blocked for 1 hour by 5% blotting grade blocker non-fat dry milk (Bio-Rad)
dissolved in 1x TBST. The following antibodies were used: primary anti-Cx43 antibody raised in
rabbit (C 6219, Sigma), secondary goat-anti-rabbit antibody (sc-2004, Santa Cruz); a primary
antibody for a-tubulin at 55kD (sc-8035, Santa Cruz), and a secondary goat-anti-mouse
antibody for tubulin from Pierce, Rockford, IL. The secondary antibodies were detected using
SuperSignal West Femto Maximum Sensitivity Substrate (34095, Pierce) and images obtained
by exposing the membrane to HyBlot CL autoradiography film. Quantification of the Cx43 bands

relative to the a-tubulin bands was done using a buil-in routine in ImageG.

Ultra-high resolution optical mapping of cardiac excitation waves triggered by light in co-

cultures

Two-dimensional optical mapping over a large field of view (about 2.2cm) was done with a
custom-developed macroscopic system allowing for ultra-high spatiotemporal resolution* °. The
system (Fig. 4a) includes a CMOS camera (pco, Germany) recording images at 200 frames per
second (fps) over 1,280%1,024 pixels), a Gen lll fast-response intensifier (Video Scope
International, Dulles, VA), collecting optics (Navitar Platinum lens, 50mm, /1.0) and filters,
excitation light source (Oriel with fiber optics lights guides) and an adjustable imaging stage.
Subcellular spatial resolution was achieved — about 22 um per pixel. All measurements were
done in normal Tyrode’s solution at room temperature. Quest Rhod-4 (AAT Bioquest,
Sunnyvale, CA) was used to label the cells for tracking Ca** waves. This optical dye was
chosen for wavelength compatibility with ChR2 and EYFP excitations/emissions. Excitation light
(525nm) for Ca2+ recording was delivered through non-conventional distributed tangential
illumination (90° angle with respect to the optical axis) to accommodate optical stimulation but
also to achieve superior contrast by complete uncoupling of the Rhod-4 excitation from the light-
gathering optics, Fig. 4a. Excitation light for Rhod-4 was provided by a QTH lamp with a
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branching liquid light guide, attached to a custom designed experimental chamber with reflective
inner walls and open bottom surface, accommodating a 35mm dish with the sample. Emitted
Rhod-4 fluorescence was collected at 585nm through an emission filter in front of the intensified

camera on top of the sample.

All movies of propagation were acquired using CamWare (pco, Germany) data acquisition
software. Raw data were binned (2x2) and analyzed in custom-developed Matlab software to
extract quantitative information about calcium transient morphology, conduction velocity etc.
Activation maps (based on time of maxiumum rise in Ca2+) and phase movies (using the Hilbert
transform) were generated after filtering spatially (Bartlett filter, 5-pixel kernel) and temporally

(Savitsky-Golay, order 2, width 7)* 3.

Electrical and optical pacing

For records of electrically-triggered activity, cells were paced by Pt electrodes, connected to a
computer-driven Myopacer stimulator (lonOptix, Milton, MA). Excitation pulses for light-triggered
activity were delivered through the bottom of the dish from an optically focused light from an
LED (470nm, 1.35 cd, 20mA, 5mm, 30deg angle) from Optek Technology (Carrollton, TX) or
from a fiber-optics coupled high-power blue LED (470nm, 1.6A), Thor Labs (Newton, NJ),
connected to the TTL output of a second computer-driven Myopacer stimulator. Irradiance (in
mW/mm?) was measured at the cell monolayer site using a Newport digital optical power meter
Model 815 (Newport, Irvine, CA), with a sensor area of 0.4cmx0.4cm, with wavelength set at

470nm. Values are reported for each experiment.

Recording light-triggered contractions



Microscopic imaging for confirmation of gene expression or for documenting contractions by
optical excitation was done with the Olympus FluoView™ FV1000 confocal system at room
temperature. Hamamatsu ImagéM EMCCD camera (Hamamatsu, Bridgewater, NJ), attached to
the Olympus FluoView™ FV1000 microscope, was used to record contractility movies at 20 fps
with a 60X oil lens (NA=1.42), using SlideBook 5 software (Intelligent Imaging Innovations,
Denver, CO). In addition, contractility response was also documented by automatic optical
tracking of cell length’ at 250Hz using an lonOptix videosystem (lonOptix) attached to a Nikon

TE2000 inverted microscope.

Carbenoxolone treatment to test effects of cell coupling on TCU

Carbenoxolone, CBX, (Sigma), a gap junctional uncoupler®, was used at a concentration 200uM
in the dual-patch experiments with canine CM and HEK-ChR2 or in the cardiac syncytium of
neonatal rat CM and HEK-ChR2. In the latter case, CBX was applied for 20min (without
perfusion) in the co-cultures of HEK-ChR2 cells and cardiomyocytes. Contractility movies were
recorded in response to optical pacing before and during administration of carbenoxolone, and

upon washout to assess the role of gap junctional coupling in the functionality of the TCU.



Il. Supplementary Figures
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Supplementary Figure 1. Direct expression of light-sensitive channels in cardiac cells
and mesechnymal stem cells via electroporation. a: Cardiac myocytes express ChR2-EYFP
at low efficiency after electroporation (left), control (right); scale bar is 50um. Panel b: Cardiac
fibroblasts robustly express ChR2 after electroporation. c: Expression of ChR2 in mesenchymal
stem cells — canine (cMSC) and human (hMSC). cMSC showed substantially better expression
than hMSC. Scale bar is 20um. Data in the bar graphs are mean+SEM. Normalized
fluorescence is the image’s total fluorescence normalized by the mean fluorescence from
control (non-transfected) cells of the same type. d: Phase and fluorescence (EYFP) images of
two electroporation-transfected cardiomyocytes, for which movies of optically-triggered

contractions are provided. Scale bar is 20um.
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Supplementary Figure 2. Equivalent circuit for TCU-mediated excitation of cardiac
tissue. a: CM-CM cell pair where both cell carry the excitatory current, and equivalent circuit. b:
TCU of a donor (D) cell and a CM, with differences listed. c: abstraction using a Source-
Neighbor-Load (S-N-L) triad for a spatially-extended system. d: simplified equivalent circuit of
the S-N-L; red arrows indicate the direction of contribution of the different circuit elements

towards “ease of excitation”, as analyzed below.
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lll. Supplementary Movies

Supplementary Movie 1: CM-only ChR2 contractions (compressed)

Shown are two examples of contractions in optically-paced neonatal rat cardiomyocytes, directly
transfected with ChR2-EYFP by electroporation using nucleofector technology. ChR2
expression was firstly confirmed using Olympus FluoView™ FV1000 confocal microscope, as
shown in the still fluorescence image before each contractility movie: green shows the reporter
gene EYFP. Contractility was recorded at 20 fps using an EMCCD camera with 60X oil lens
(NA=1.42). Optical stimulation was achieved by switching on/off blue light (470nm), easily seen
by the brightness in the field of view and the lightening up of the cardiomyocytes during pacing
pulses. The black scale bar in the contractility movie is 10pm.

Supplementary Movie 2: CM-HEK pair coupling test (carbenoxolone)

The role of gap junctional coupling in forming a “tandem cell unit” that responds to light was
tested here. This is a sparse co-culture of HEK-ChR2-EYFP and neonatal rat cardiomyocytes
(CM). The movie shows optical excitation (and resulting CM contraction) before and during
treatment with an uncoupling agent — carbenoxolone (200uM, 20min) and after washout of the
drug. Contractility was recorded at 20 fps using an EMCCD camera with 60X oil lens (NA=1.42).
Optical stimulation was achieved by switching on/off blue light (470nm), easily seen by the
brightness in the field of view and the lightening up of the HEK cells during pacing pulses. The
black scale bar in the contractility movie is 10um.

Supplementary Movie 3: CM+HEK-contractions-optical stimulation-confocal

The movie shows two examples of contractions in optically-paced cardiac tissue (room
temperature), in which neonatal rat cardiomyocytes were co-cultured with ChR2-expressing
HEK cells at initial ratio of 45:1. Movie was recorded at 20 fps using an EMCCD camera with
60X oil lens (NA=1.42), attached to an Olympus FluoView™ FV1000 microscope. Optical

stimulation was achieved by switching on/off blue light (470nm), easily seen by the brightness in
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the field of view and the lighting up of the HEK cells during pacing pulses (due to some
wavelength overlap with excitation of the reporter gene EYFP). Scale bar in the movie is 10um.
Supplementary Movie 4: Optical mapping of propagation in CM+HEK+ChR2-3.4 speed
Electrical pacing and all-optical interrogation of cardiac tissue are shown (room temperature,
45:1 initial mixing ratio). Ca?* wave propagation in cardiac tissue, in which neonatal rat
cardiomyocytes were co-cultured with ChR2-expressing HEK cells, was done with Rhod-4. In
the top panels, blue line shows the timing of electrical stimulation (in this case — a line Pt
electrode on the left) or optical stimulation from a blue LED (470nm),: 0 is “off”, 1 is “on”. The
black trace is the corresponding Ca®* transient from a pixel in the image (indicated by “*’ in the
bottom panel). The bottom panels show color-coded (Hilbert) phase movies of Ca®* wave
propagation acquired by our custom-developed ultra-high resolution macroscopic system and
processed in Matlab (color indicates phase during a cycle, black line denotes the wave-front;
details are given in the Methods section). Movie is played at % real speed. The scale bar in the

movie is 2mm.
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IV. Equivalent Circuit Analysis of TCU

When comparing the TCU strategy to direct expression of ChR2 in the native myocytes
(mostly by viral methods), several important differences are worth mentioning, Supplementary
Fig 2: (1) the donor (D) cells are non-excitable and typically do not have maijor repolarizing
currents, i.e. the ChR2 inward current is their main current, unlike native CMs; (2) the D-cells
have higher membrane impedance at rest due to smaller/negligible inward rectifier, Ik, and
typically have a more depolarized resting potential; (3) compared to CM-CM coupling, the D-CM
coupling is typically somewhat reduced. We ask the question: What factors in the TCU
approach affect the ease of excitation and how is the TCU response different than the response

of a homogeneous myocardial tissue with direct expression of ChR2?

For a spatially-extended tissue, when the cell pair (TCU) is connected to some “load” of
excitable cells (CMs), the system can be abstracted to a Source-Neighbor-Load (S-N-L) triad for
easier analysis. A simplified equivalent circuit of such a triad is presented in Supplementary
Fig 2d, derived under the following assumptions: use of equivalent impedances (Z); assuming
negligibly small extracellular impedance Z,; for the immediate neighbor cells to be charged (N),
we consider the membrane Z,, and intracellular (coupling) impedance Z;, but for the rest of the
tissue — consider a lumped/load impedance, Z,. Red arrows indicated the direction of

contribution of the different circuit elements towards “ease of excitation”, as analyzed below.

For the simplified circuit in Supplementary Fig 2d, we can derive the following
expressions, representing the underlying current-divider circuits and the total current drawn by
the circuit, I, as well as the current to excite the immediate neighbors, i.e. the current of
interest, Im:

Z. (D) | (1)
Z,+2; °

—
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We want to determine how the elements of the circuit determine the “ease of

excitation” of the system, i.e what fraction of I, does I, constitute? Our simplified analysis only

considers steady-state passive response and ignores the kinetics of the ion channels and/or

transient processes, which are admittedly very important.

The following observations can be made:

1)

Higher Z,, for the source, i.e. Z,(D) > Z,(CM), makes the source closer to an “ideal
current source” (with infinite internal resistance/impedance) and therefore increases the
“ease of excitation”, i.e. for a given light-induced Iy, more current |, will be available for

excitation of the neighbors in the TCU case, which follows directly from Eqn 1.

Higher load, i.e. low Z,, such that Z,>>Z,, and Zr~Z_ > 0, that may occur in very well-
coupled, spatially-extended tissue (higher dimensionality) will indeed make it harder to
excite by making I, a smaller fraction of Ip — see simplified combination of Eqns 1 and 2

for this case:

Very low load, i.e. high Z,, such that Z,>Z,,, and Zy~Z,,) applies for small cell clusters
and/or highly uncoupled tissue, and highlights the importance of the coupling to the
immediate neighbors, Z; and the membrane impedance of the immediate neighbors. The
ease of excitation will improve by higher coupling to the neighbors for CM-CM (low Z; ) in
this case compared to D-CM and lower Z,, of the neighbors (possibly determined by the

equivalent K+ conductance in the neighbor CMs), as seen from the simplified Eqgn. 4.

" Z+Z, "
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4) Overall, better coupling for S-N, but reduced coupling (and equivalent conductivity) for
N-L works towards ease of excitation. It is important to note, however, that for spatially
distributed D-cells, the S-N coupling in the S-N-L triad plays a dual role, i.e. it affects
both the S-N charge transfer and the equivalent “load” presented by the tissue. All
parameters indicated in d act in parallel and actual simulations, quantification is needed

to fully uncover the extent of their individual contribution.
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