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Extrasystoles lead to several consequences, ranging from unevent-
ful palpitations to lethal ventricular arrhythmias, in the presence of
pathologies, such as myocardial ischemia. The role of working
versus conducting cardiomyocytes, as well as the tissue requirem-
ents (minimal cell number) for the generation of extrasystoles, and
the properties leading ectopies to become arrhythmia triggers
(topology), in the normal and diseased heart, have not been
determined directly in vivo. Here, we used optogenetics in trans-
genic mice expressing ChannelRhodopsin-2 selectively in either
cardiomyocytes or the conduction system to achieve cell type-
specific, noninvasive control of heart activity with high spatial and
temporal resolution. By combining measurement of optogenetic tis-
sue activation in vivo and epicardial voltage mapping in Langendorff-
perfused hearts, we demonstrated that focal ectopies require, in the
normal mouse heart, the simultaneous depolarization of at least 1,300~
1,800 working cardiomyocytes or 90-160 Purkinje fibers. The optoge-
netic assay identified specific areas in the heart that were highly sus-
ceptible to forming extrasystolic foci, and such properties were
correlated to the local organization of the Purkinje fiber network,
which was imaged in three dimensions using optical projection to-
mography. Interestingly, during the acute phase of myocardial is-
chemia, focal ectopies arising from this location, and including both
Purkinje fibers and the surrounding working cardiomyocytes, have
the highest propensity to trigger sustained arrhythmias. In conclu-
sion, we used cell-specific optogenetics to determine with high spa-
tial resolution and cell type specificity the requirements for the
generation of extrasystoles and the factors causing ectopies to be
arrhythmia triggers during myocardial ischemia.
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berrant heartbeats, caused by the ectopic depolarization of a

group of cardiomyocytes, are associated with a wide range of
consequences, from the commonly experienced feeling of “palpi-
tation” to the triggering of potentially lethal ventricular arrhyth-
mias in diseased hearts. Physiological conduction of normal
heartbeats is orchestrated by the interaction of at least two func-
tionally and anatomically distinct populations of cardiomyocytes:
the working cardiomyocytes and the conduction system (i.e.,
Purkinje fibers at the ventricular level) (1). The electrotonic
coupling of myocardial cells protects the heart from abnormal
excitation and allows the effect of spontaneous activity in sparse
cardiomyocytes to be “sunk” by the surrounding myocardium. As a
result, a minimal “critical” number of cardiomyocytes needs to
simultaneously depolarize to prevail over such a protective
mechanism and generate conducted beats (2-5). When this oc-
curs, the source-sink mismatch (abnormal depolarization current/
myocardial electrotonic sink) is focally overcome, resulting in a
premature ventricular contraction (PVC) that, in the presence of

www.pnas.org/cgi/doi/10.1073/pnas.1509380112

arrhythmogenic substrates, may evolve into chaotic and self-sus-
tained ventricular arrhythmias (6, 7). In fact, ventricular tachy-
cardia (VT) and ventricular fibrillation (VF) frequently occur in
coronary artery disease during both the acute ischemic phase and
the infarct evolution phase and are responsible for most cases of
sudden cardiac death (SCD) occurring yearly in the United States
of America (8-10).

The tissue determinants of a focal arrhythmic source (i.e., critical
cell number, topology) have so far only been estimated using bio-
physical modeling, suggesting that almost one million cells are
required to generate ventricular ectopies in the rabbit heart (4).
Moreover, although pharmacologic approaches and single-cell
electrophysiological studies have suggested that abnormal activa-
tion of the Purkinje fiber network is a likely arrhythmia trigger in
both acquired (e.g., myocardial ischemia) and inherited [long QT
syndrome (LQTS) and catecholaminergic polymorphic ventricular
tachycardia (CPVT)] arrhythmias (11-16), the role of the cardiac
conduction system has not been addressed directly in the intact
animal so far, mainly due to methodological constraint (17-20).
In fact, the experimental technique most commonly used to
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Fig. 1. Cardiac optogenetics allows noninvasive investigation of heart

electrophysiology in vivo. (A) Bright field (Left) and fluorescence (Right)
images of a-MyHC-tdTomato-ChR2 heart. The Right image of tdTomato
fluorescence shows expression of ChR2 in both the atria and the ventricles.
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. (Scale
bar, 1.5 mm.) (B) Confocal image of ventricular cryosections from a-MyHC-
tdTomato-ChR2 transgenic hearts showing ChR2 localization at the level of
cardiomyocyte sarcolemma (white arrows) and t-tubuli. (Scale bar, 20 pm;
high magnification, 5 pm.) (C) Representation of the setup used for epicar-
dial photostimulation in open-chest anesthetized mice. LED stimulation oc-
curred through fiber optics delivering time-controlled pulses of 470 nm blue
light. The LED was connected to the ECG apparatus, allowing synchroniza-
tion of the LED stimulation with a specific time point of the ECG recording.
(D and E) Representative ECG traces of ectopic beats originated by epicardial
light stimulation of different regions of the myocardium from a-MyHC-ChR2
mice (n = 10 mice). Blue arrows in D and E indicate light pulses. LA, RV, and
LV photostimulation originates ectopic beats with different QRS shape.

investigate cardiac electrophysiology in vivo is based on the delivery
of electrical pulses to the epicardial surface during ECG re-
cording (21, 22). The method, however, cannot discriminate the
specific role of the conduction system cells, as they are em-
bedded in the myocardium and not easily accessible to invasive
electrophysiological investigation (20, 23-25).

Optogenetics exploits the targeting of photoactivatable ion
channels in specific cell types to achieve noninvasive control of
membrane potential (26).

Channelrhodopsin-2 (ChR2) is a microbial-derived cation
channel that, in a similar way to visual rhodopsin and bacterio-
rhodopsin, undergoes a conformational change upon illumina-
tion, resulting in an immediate increase in ionic permeability,
with high conductance to Na* (27, 28). ChR2 exhibits fast and
reversible activation kinetics (in the order of milliseconds) that is
instrumental to drive reliable trains of high-frequency action
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potentials in vivo. Optogenetics is widely used in neuroscience to
modulate neuronal circuits in in vivo models (29-31) and has
been proposed as an attractive tool to control cardiomyocyte
membrane potential (32-36). In cardiac research, optogenetics is
still in the very early stages and has mainly been applied to in
vitro and regenerative medicine studies (37-41).

We have applied optogenetics in transgenic mice with cardiac-
specific ChR2 expression to determine the critical cell mass neces-
sary to generate focal ectopic beats ex vivo, in the isolated heart, and
in vivo. In addition, we addressed the vulnerability of the ischemic
heart to ventricular arrhythmias, in relation to the characteristics of
the focal trigger. Furthermore, we exploited genetic targeting of
ChR?2 to Purkinje cells to interrogate the role of this cellular
network in cardiac electrophysiology and arrhythmogenesis.

Results

Noninvasive Generation of Cardiac Ectopies in Vivo Using
Cardiomyocyte-Specific Expression of ChR2. To achieve ChR2 ex-
pression in cardiomyocytes, we crossed B6.Cg-Gt (ROSA)
26Sortm?27,](CAG-COPSHISARAdTomato) Hze)y ey ressing mice with a
transgenic strain encoding Cre-recombinase under the control of a
cardiac-specific a-Myosin Heavy Chain (a-MyHC) promoter. The
resulting offspring had the STOP cassette deleted in car-
diomyocytes, driving the expression of ChR2 [hChR2 (H134R)-
tdTomato fusion protein] (Fig. S14). ChR2 expression was
uniformly detected in heart cryosections by tdTomato fluores-
cence and was localized at the sarcolemma and t-tubules of
cardiomyocytes (Fig. 1 4 and B and Fig. S1B). ChR2-expressing
mice had normal heart size, morphology, and gross electro-
physiology [heart rate, a-MyHC-ChR2, 340 + 39 vs. control,
322 + 9, in beats per minute (bpm); » = 10 mice for each group,
under anesthesia] (QRS interval, a-MyHC-ChR2, 12.43 + 0.63
vs. control, 13.05 + 0.87, in ms; n = 10 mice for each group)
(Fig. S1 C and D).

To obtain timely and spatially controlled photostimulation of
ChR2 hearts in vivo, we used a fiber optic delivering 470-nm
light pulses, generated by a time-controlled light emitting diode
(LED), in open-chest anesthetized mice during continuous
ECG monitoring (Fig. 1C). The effect of local cardiac photo-
stimulation was mapped by delivering brief (5 ms) light pulses
with the fiber tip placed close to the epicardium of different
heart regions (Fig. 1 D and E). Atrial stimulation evoked sup-
raventricular paced beats with normal QRS and wider P waves
[P wave duration, basal, 14.28 + 0.26 vs. left atrium (LA)
photostimulation, 27.90 + 0.63, in ms; n = 15 mice]. Ventricular
stimulation from the heart base to the apex, in both the right
and left sections, triggered beats with wider QRS complexes
[QRS interval, basal, 12.43 + 0.63 vs. left ventricle (LV) pho-
tostimulation, 21.82 + 0.90, in ms; # = 10 mice for each group]
(Fig. 1D). Repetitive stimulation of the same myocardial focus
produced paced heartbeats that, consistent with the fixed ven-
tricular origin, had enlarged and identical QRS morphology
(Fig. 1E). Photopacing could be maintained for several mi-
nutes, and sinus rhythm started promptly when illumination was
interrupted, suggesting that no functional or structural damage
resulted from the activation protocol. In addition, disconnec-
tion of the fiber optics tip from the light source on the epi-
cardial surface as well as photostimulation of WT littermates
did not cause any alteration in the sinus rhythm.

We thus demonstrated that experimentally induced ectopies
can be evoked, using optogenetics, with high spatial and tem-
poral resolution and implemented such methodology for the
noninvasive investigation of cardiac electrophysiology.

Voltage Mapping of Cardiac Activation in Optogenetically Paced ChR2
Hearts. To address the effect of light pulses on ChR2 hearts
directly at the local tissue level, cardiac optogenetics was com-
bined with high-speed optical mapping of membrane voltage in
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Fig. 2. Optogenetics-based investigation of heart electrophysiology ex vivo. (A) Activation map of one photostimulation pulse on the RV. The dashed line
indicates the stimulation fiber position. (Scale bar, 0.5 cm; color bar in ms.) (B) Example of monophasic potential (MAP) signal during photostimulation.
(C) Optical mapping (Vm) of one light pulse. The fiber position is represented in the first snapshot by the gray dashed line. All propagations showing
snapshots are separated in time by 2 ms. (Scale bar, 0.5 cm.) The asterisk shows the MAP electrode position. (D-F) Optical measurement of photostimulation
and spread of activation in a Langendorff-perfused intact mouse heart. (D) Intensity distribution of photostimulation using an optical fiber (OF; diameter, 0.4
mm). The position of the fiber tip is indicated by the gray-shaded rectangle. The isochrones indicate the relative intensity (colors of the isochrones correspond
to the color bar). LV, left ventricle; RV, right ventricle. (E) Cross-section of the intensity distribution. The intensity profile is given along the blue line shown in
the Inset. (F) Activation map showing the propagation of wave fronts following photostimulation.

Langendorff-perfused mouse heart preparations. To achieve this,
isolated hearts from oa-MyHC-ChR2-tg mice were loaded with a
voltage-sensitive membrane dye (RH1691) and monophasic action
potentials were recorded in parallel by a contact electrode from the
heart surface (Fig. 2.4 and B and Fig. S2). Light pulses achieved
with the same optics used for in vivo experiments caused re-
producible local depolarizations that, strictly within the time win-
dow of the light pulse, were confined to a tissue area corresponding
precisely to the optical fiber physical diameter. Moreover, the radial
intensity distribution of photostimulation light applied was initially
symmetric and well-confined to the radius of the optical fiber, with
no appreciable fluorescence changes at the margin of the photo-
stimulated area. Furthermore, considering the dynamic range of the
voltage dye and the given signal-to-noise ratio of the optical system,
voltage changes at the edge of the region directly irradiated were
below 1 mV. Above a light intensity threshold comparable to that
observed in vivo, optical pacing resulted in an activation pattern that
was initially of radial symmetry and subsequently developed a
physiological, anisotropic propagation spread as shown in Fig. 2 C-F.
Taken together, the combined measurement of optogenetic tissue
activation and epicardial voltage mapping shows that local light
delivery to ChR2-expressing hearts activates a relatively small tissue
volume that precisely correlated with the light source and triggers
focal ectopic beats or tertiary pacemakers. These proof-of-principle
ex vivo data support the all-optical approach to simultaneously
control light switches focally in cardiac tissue and to record the
corresponding local electrophysiological activity.

Direct Optogenetic Assessment of Purkinje Fiber Function in Vivo

Using Cx40-Driven Expression of ChR2. The Purkinje fiber network
constitutes the distal ventricular conduction system, branching

Zaglia et al.

throughout the subendocardial cell layers of both ventricles, with
a high density in the right ventricular (RV) wall. In vitro studies
and mathematical modeling indicate that Purkinje fiber cells
have unique structural and electrophysiological properties, but
the direct assessment of their function in vivo, with conventional
approaches (i.e., electrical stimulation), is limited by their sub-
endocardial location and proximity to surrounding working car-
diomyocytes. To interrogate the specific role of Purkinje fiber
myocytes in heart physiology, we genetically targeted ChR2 ex-
pression to the ventricular conduction system cells. Double-
floxed ChR2-tdTomato mice were crossed with Connexin-40
(Cx40)-Cre mice, previously shown to drive transgene expression
throughout the conduction system cells, including Purkinje fi-
bers, and atrial myocardium (42) (Fig. 34). ChR2 expression was
assessed by confocal imaging of the red fluorescence of td-Tomato,
and its specific expression by Cx40-expressing cells was confirmed
by immunofluorescence. ChR2 was thus detected in atrial car-
diomyocytes and Purkinje fibers, consistent with the expression of
Cx40 (Fig. 3 B-D and Fig. S3). Hearts from Cx40-ChR2 mice had
normal morphology and function (heart rate, Cx40-ChR2, 351 +
20 vs. control, 335 + 15, in bpm; » = 10 mice for each group)
(QRS interval, Cx40-ChR2, 12.82 + 0.25 vs. control, 12.35 + 0.47,
in ms; n = 10 mice for each group), indistinguishable from control
littermates (Fig. S4 4 and B).

We therefore used the photoactivation protocol described above
(Fig. 1C) to selectively stimulate, by illuminating the epicardial
surface, discrete foci of Purkinje fibers in the intact heart in vivo
and analyze the effects on cardiac electrical activation. Consistent
with the ubiquitous expression of ChR2 in atrial cells, photo-
activation of the right atria (RAs) and LAs resulted in supraven-
tricular pacing, with ECG morphology superimposable to that
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Fig. 3. Direct optogenetic assessment of Purkinje fiber function in vivo.
(A) Scheme of the generation of the transgenic mouse expressing the fused
protein tdTomato-ChR2 under the control of the Cx40 promoter (Cx40-
ChR2). (B) Bright field (Left) and fluorescence (Right) images of a longitu-
dinally sectioned whole Cx40-ChR2 heart. The Right image shows specific
expression of ChR2 in the atria and the conduction system. LA, left atrium;
LV, left ventricle; RA, right atrium; RV, right ventricle. (Scale bar, 1.5 mm.)
(C and D) Confocal immunofluorescence analysis on ventricular (C) and atrial
(D) cryosections from red fluorescent Cx40-ChR2 mice stained with an anti-
body specific for Cx40 (green signal). [Scale bars, (C) 30 pm, and high mag-
nifications, 10 um; (D) 15 pm.] (E and F) Representative ECG traces of ectopic
beats originated by epicardial photostimulation of different regions of the
myocardium from Cx40-ChR2 mice (n = 8 mice). Blue arrows indicate light
pulses. RV and interventricular septum photostimulation originates ectopic
beats with different QRS shapes in all mice, whereas LV epicardial stimula-
tion always failed to induce ectopies.

obtained in the a-MyHC-ChR?2 transgenic hearts at corresponding
pacing sites (Fig. 3E and Fig. S4C). By scanning the heart surface
with the fiber optic tip, the ventricular conduction system was ac-
tivated at different sites, corresponding to proximal (septal) and
distal regions of the Purkinje fiber network, both in the RV and
LV. Consistent with the physiological characteristics of the differ-
ent conduction system regions, ectopies triggered by photo-
activation of the atrio-ventricular bundle had QRS duration
identical to the spontaneous complex (Cx40-ChR2 basal QRS,
12.82 + 0.25 vs. photostimulated QRS, 13.04 + 0.33, in ms; n = 10
mice for each group) (Fig. 3F). Although stimulation of the distal
Purkinje fibers of the RV yielded ectopic beats with enlarged QRS
duration (photostimulated QRS duration, 23.2 + 0.52, in ms;
n = 10 mice for each group), light pulses failed to activate ectopies
when delivered to the much thicker LV wall (Fig. 3 E and F).

In contrast to the uniform response to photoactivation of the
a-MyHC-ChR2 ventricles, Purkinje fiber stimulation yielded
highly variable effects depending on the illumination site. Ecto-
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pies were in general evoked with the stimulation of all RV re-
gions, however successfully coupled light pulses were almost 100%
in a small (about 2 mm? wide) region of the lateral RV free wall
(Figs. 3 E and F and 4A4), corresponding to the origin of the RV
outflow tract (RVOT). We thus used confocal immunofluorescence
and optical projection tomography in intact Cx40-GFP mouse
hearts to investigate the relationship between the geometry of
Purkinje fiber arborization and the response to photostimulation.
The small RV hyperactivable region identified functionally with
optogenetics (Fig. 44) was characterized by the presence of Pur-
kinje fibers arranged in multiple cell layers (Fig. 4B). Moreover, the
3D reconstruction of the ventricular conduction system network
showed that, in this region, Purkinje fibers of the RV free wall
connect to the right septal branch (Fig. 4 C-F), suggesting that the
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Fig. 4. Correlation between distribution and function of the Purkinje fiber
network in the RV. (A) RV epicardial surface from a whole Cx40-ChR2 heart.
The black box indicates the RV region with the highest responsiveness to
photostimulation. (Scale bar, 2 mm.) (B) Bright field (Left) and fluorescence
(Right) images of the RV section at the anatomical level enclosed in the black
box in A. (Scale bar, 500 um.) (C-F) 3D reconstruction of the RV Purkinje fiber
arborization obtained in Cx40-GFP transgenic mice by optical projection
tomography. Rotation of the 3D reconstructed image (see coordinates in the
panel corner) (E and F) highlights the connecting bundle between the septal
and the RV branches of PF. (G) Representative ECG traces of ectopic beats
originated by epicardial light stimulation of the RV from Cx40-ChR2 mice
before and after (15 min) RV intracavital Lugol’s solution injection (n = 5
mice). Blue arrows indicate the light pulses. Lugol’s solution treatment
caused enlargement of the QRS complex and abolished light-induced ecto-
pies in all mice analyzed.

Zaglia et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509380112/-/DCSupplemental/pnas.201509380SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1509380112

increased responsiveness to local activation might be explained by
the high degree of interconnection between sectors of the conduc-
tion system. Regardless of the photoactivation site or intensity, the
response to RV photoactivation of Cx40-ChR2 hearts was abol-
ished by intracavital injection of iodine/potassium iodide solution
(Lugol’s solution), a common strategy used to ablate Purkinje fibers
(11, 43-47), further proving the specificity of the Cx40-ChR2 mouse
model (Fig. 4G).

Our results show that the Cx40-ChR2 model represents a
unique tool to investigate the role of the cardiac conduction
system in vivo, using a simple experimental setup that allows
accuracy and flexibility without requiring invasive approaches
(i.e., endocardiac electrophysiology).

Selective Electrophysiological Study of Purkinje Fibers in Vivo. To
assess the maximal ventricular pacing rate, we photostimulated
hearts with trains of light pulses delivered at an incrementally
shorter cycle repetition rate, from 10 to 25 Hz, and determined
the threshold for 1:1 capture by analyzing the ECG trace. The
a-MyHC-ChR?2 hearts were responsive up to 18 Hz (1,080 bpm)
(n = 5 mice), whereas the Cx40-ChR2 mice responded with 1:1
capture up to about 15 Hz (900 bpm) (n = 5 mice), and above
this threshold, stimulation was effective in a variable percentage
of activation flashes (Fig. 54). These results are compatible with
the increased refractoriness reported for conduction system cells
with respect to working cardiomyocytes. However, the effective
refractory period (ERP) of Purkinje fibers has only been de-
termined in ex vivo preparations (15, 45, 48-51) or inferred using
intracavital microelectrodes to deliver electrical pulses to an area
that includes, but is not limited to, the conduction system (23-25,
52, 53). We thus performed noninvasive epicardial optical pro-
grammed stimulation to determine selectively the ERP of Pur-
kinje fibers and that of the working cardiomyocytes in vivo. The
standard electrophysiological protocol of “extrastimulus”
(Methods and Fig. 5B) was used for optical stimulation. In
agreement with the data acquired using ex vivo preparations, the
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Fig. 5. Optogenetics allows selective interrogation of Purkinje fiber elec-
trophysiology in vivo. (A) Stimulation rate/cardiac capture relationship
obtained in a-MyHC-ChR2 and Cx40-ChR2 mice. Bars represent SEM (*P <
0.05, **P < 0.01; n = 5 mice for each group). (B) Optical programmed
stimulation using the extrastimulus (51 and S2) protocol to measure the ERP.
Blue arrows indicate the light pulses. (C) Evaluation of the ERP in the RV of
both a-MyHC-ChR2 (gray bar) and Cx40-ChR2 (black bar) mice. Bars represent
SEM (**P < 0.01; n = 10 a-MyHC-ChR2 mice and n = 5 Cx40-ChR2 mice).
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ERP of Purkinje fibers, measured directly in vivo, was signifi-
cantly longer than that of the working myocardium (ERP, RV
Cx40-ChR2, 59.7 + 1.2 vs. a-MyHC-ChR2, 38.4 + 2.6, in ms; n =
5 Cx40-ChR2 mice and n = 10 a-MyHC-ChR2 mice) (Fig. 5C).
This latter value was indistinguishable from those values
obtained with conventional electrical stimulation (54).

Requirement for Afterdepolarizations to Trigger Ectopies in the
Working Versus Conducting Myocardium. Propagation of focal ar-
rhythmic beats in the heart occurs when the current density gen-
erated by the abnormally depolarizing cardiomyocytes (current
source) is sufficient to overcome the electrotonic sink of the sur-
rounding polarized tissue. The critical cell number needed to bring
the sink to its activation threshold has never been determined
directly in the intact heart. Similarly, the individual contribution of
the two distinct myocyte populations (i.e., working vs. Purkinje
myocytes) has not been elucidated. Here, we exploited the ability
of optogenetics to specifically control a distinct myocardial cell
population, in a well-defined volume, to determine the tissue re-
quirements for the generation of a globally spreading wavefront
causing arrhythmic beats in vivo.

Calculation of blue light attenuation by the myocardium. The opto-
genetics experiments were based on the local photoactivation of
ChR2 in confined myocardial volumes. Therefore, to calculate
the tissue depth irradiated by light at sufficient intensity to ac-
tivate ChR2, we first sought to determine the blue light attenu-
ation coefficient of the myocardium. To this aim, the fiber optic
illuminator was placed on one side of a myocardial slice and the
light intensity emerging across the slice was measured with a
radiometer (Thorlabs GmbH). The fractional light absorption
was estimated for slices of incrementally higher thickness, from
25 to 800 pm. This allowed determination of the light attenua-
tion coefficient of the myocardium by fitting the experimental
data to the commonly used light-matter interaction model,
Lambert law: I(h) = I,e™ (37, 55, 56), where I, is the light in-
tensity at the source, £ is the depth in the tissue, and § is the
scattering length (Fig. 64). Data fitting gave us a scattering
length & of 240 pm with a good coefficient of determination (R* >
0.9). The experimental data obtained for light attenuation
were fitted to another light-matter interaction model, the
Kubelka—Munk model (57, 58), resulting in the estimate of the
scattering parameter S = 14-20 mm™" (the S parameter pre-
viously calculated for the brain is 12 mm™') (57). Based on
ChR2 activation threshold values, obtained by us and con-
firmed by others in isolated cells (1-0.5 mW/mm?) (35, 37), we
were thus able to determine the depth of photoactivated ChR2
into the myocardium in each experimental condition. The
physical features of the optic fibers define an emerging light cone
with a very narrow opening angle, around 15°, which was cal-
culated from the numerical aperture of the fiber (0.39 for all
fibers, with the exception of the 100 pm diameter fiber, which
was 0.22) and the refractive index of the myocardium (1.44) (59).
Subsequently, to experimentally assess the degree of lateral
delimitation of the incident light beam and the effect of tissue
light scattering, we captured the image of the light, as emerging
from the myocardial slices. The analysis of the beam intensity
profile indicates that although the beam shape has the tendency
to diverge with distance from the light source, over 90% of total
light intensity was confined in a volume that can be approxi-
mated to a cylinder (Fig. 6B and Fig. S5).

Optogenetic assay of the minimal myocardial volume to obtain PVCs. To
quantify the relationship between the number of activated cells
and the ability to generate ectopies, we then implemented an
optogenetic assay based on gradually increasing the photo-
activation light intensity (at the fiber tip) in differently sized fiber
optics (light intensity, 0.36-27 mW/mm-; fiber tip diameter, 100—
1,500 pm).
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Fig. 6. Optogenetic assay of the minimal myocardial volume required to
trigger focal ectopic beats in the normal myocardium. (A) Measure of 470 nm
light penetrance into the ventricular myocardium upon epicardial illumina-
tion. Experimental data were fitted to a monoexponential decay function
(R? > 0.9) (57), shown with a solid line. Bars represent SEM (n = 10).
(B) Images of the optical fiber’s light beam, as emerging from myocardial
slices of incremental thickness. For each image the beam intensity profile is
shown; the red bar indicates the diameter of the optical fiber. (C) Modula-
tion of light intensity and fiber diameter shapes the depth (h) and width (d),
respectively, of the illuminated myocardial cylinder. (D and E) Optogenetic
assay of minimal myocardial volume required for successful trigger of
ectopies in the LV (D) and RV (E). The red circle in the columns in E indicates
the percentage of successfully captured beats after Purkinje fiber ablation
with Lugol’s solution. Black arrows in D and E indicate the liminal tissue
volume to be irradiated to evoke ectopic beats. Red arrow in E indicates the
liminal tissue volume after Lugol’s solution injection in the RV. Bars repre-
sent SEM (measures repeated in triplicate, in n = 10 mice).

We were thus able to control the light penetration depth (h)
and width (d), respectively, thus shaping the volume of illuminated
myocardium as shown in Fig. 6C. When all cardiomyocytes were
photoactivated (a-MyHC-ChR2, n = 10 mice), ventricular beats
were triggered upon illumination of a minimal tissue volume of
12.6-18 nL (d, 200; h, 400-570, in pm) in the LV and 5.1-5.7 nL
(d, 100; h, 650-720, in pm) in the RV, which would result, when
considering the average cardiomyocyte volume (10 pL) and ori-
entation in the different cell layers, in about 1,300-1,800 (LV) and
511-570 (RV) cells, respectively (Fig. 6 D and E). It is likely that
the differences observed in the critical tissue mass in the two
ventricles may reflect the contribution of Purkinje fibers, mainly
found in the subendocardial layers, to the photoactivation of the
thinner RV; although, a role played by the different electrophys-
iological properties of RV and LV cardiomyocytes cannot be ex-
cluded. To more specifically establish the critical tissue requirements
to generate PVCs upon RV stimulation, we chemically ablated
Purkinje fibers using intracardiac injection of Lugol’s solution in
a-MyHC-ChR2 mice. In these conditions, the minimal photo-
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activated cell number, in the RV, increased to values comparable to
those measured in the LV (RV + Lugol’s solution, 1,800-2,300
working myocytes; d, 200; h, 570-740, in pm; n = 5 mice) (Fig. 6F).
Due to the higher thickness of the LV wall, Purkinje fibers failed to
be photoactivated with epicardial photostimulation. Consistently,
LV intracavital Lugol’s solution injection did not cause significant
changes in susceptibility to photoactivation and consequently in the
minimal tissue volume required for generating an ectopic beat.

It is well established that Purkinje fibers are prone to develop
early or delayed afterdepolarizations that, in turn, represent
common trigger mechanisms of ventricular arrhythmias. How
many Purkinje fiber cells are needed to simultaneously fire, for
successful propagation of their AP into the myocardium, has not
been determined so far. Thus, we calculated the minimal volume
to be irradiated to evoke Purkinje fiber-driven PVCs in the most
responsive regions of the RV, which resulted in about a d of 200
and an h of 570-740, in pm, corresponding, based on our im-
munohistochemical quantification, to about 90-160 cells (n = 8
Cx40-ChR2 mice).

Collectively, our results demonstrate that ectopies can be
triggered in vivo by the afterdepolarization of either a substantial
number of working cardiomyocytes or a much lower quantity of
Purkinje fibers. Although with disparities in the cell number
presumably due to species differences, our findings support the
concept suggested by computational modeling of the rabbit
heart, whereby afterdepolarizations arising in Purkinje fibers are
more likely to overcome the source-sink mismatch and trigger
ectopic beats (4).

Optogenetic Discrimination of Arrhythmia Trigger Sites During
Myocardial Ischemia. SCD caused by ventricular arrhythmias in
the early phase of acute myocardial ischemia accounts for a large
number of fatalities (8). Ischemia induces heterogeneities in ex-
citability, refractoriness, and/or conduction that generate a per-
missive myocardial environment (substrate) upon which abnormal
depolarizations, although uneventful in the healthy heart, may act
as a trigger for self-sustained arrhythmias. What the factors are—
that is, location relative to the ischemic area, size, and cell type
(i.e., working vs. Purkinje myocytes)—that characterize an efficient
focal trigger for sustained ventricular arrhythmias during ischemia
have not been addressed directly.

To explore this, optogenetics was used during the acute phase of
experimental ischemia in a-MyHC-ChR2 and Cx40-ChR2 mice.
Myocardial ischemia was obtained by ligating the left anterior
descending (LAD) coronary artery, during continuous ECG
monitoring. The associated myocardium became immediately
pale, and within the first 15 min, ischemia caused the expected
alterations in the QRS complex (Fig. S6).

The susceptibility to focal arrhythmia triggering was assessed
using a photostimulation protocol consisting of a burst of 10 light
pulses (5 ms), at repetition rates from 10 to 20 Hz (cycle length
from 100 ms to 50 ms), that was applied to a series of reference
epicardial sites of the LVs and RVs (1, LV anterior; 2, LV septal;
3, lateral; 4, RV free wall; 5, septal; at basal, mid, and apical
regions). In both the a-MyHC-ChR2 (n = 10 mice) and the
Cx40-ChR2 (n = 8 mice) hearts, responses to focal photo-
stimulation were, in the initial phase (0-15 min), similar to
nonischemic controls, with the exception of the anterior LV re-
gion, which became progressively unresponsive due to the direct
effect of ischemia. Local burst activation at none of the cardiac
foci resulted in sustained arrhythmias (Fig. 7.4 and B) (0 out of
10 mice for a-MyHC-ChR2 and 0 out of 8 mice for Cx40-ChR2).
At 15-30 min after ischemia, in a-MyHC-ChR2 mice, the iden-
tical photostimulation protocol, applied to a restricted area of
the RV basal free wall (corresponding to the junctional region
between the septal and RV conduction system) (Fig. 4), evoked
frequent episodes of nonsustained runs of polymorphic VT,
lasting a few beats after pacing in all animals analyzed (Fig. 7 C,
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Fig. 7. Induction of sustained ventricular arrhythmias by optical stimulation
in the advanced postischemic phase. (A) Photograph of the optogenetic ex-
periment, picturing the heart of the anesthetized mouse, seen through the
toracotomic window, during delivery of a light pulse to the RV epicardium via
the optical fiber. The white arrowhead shows the heart region described in
Fig. 4 C-F. (B) Representative ECG traces of RV photostimulation during the
first 15 min after LAD ligation in a-MyHC-ChR2 (Top) and Cx40-ChR2 (Bottom)
hearts (n = 10 and 8 mice, respectively). (C) Representative ECG trace recor-
ded between 15 and 30 min after LAD ligation in a-MyHC-ChR2 (Top) mice.
Photostimulation of the origin of the RVOT induced episodes of unsustained
polymorphic VT. The Bottom panel shows a representative ECG trace recorded
between 15 and 30 min after LAD ligation in Cx40-ChR2 mice. Blue ar-
rows indicate the light pulses. (D) The Top panel shows a representative ECG
trace of sustained arrhythmias originated by light stimulation of the RV, at
the site indicated above and described in Fig. 4 C-F, in a-MyHC-ChR2 mice
during postischemic phase 2. Sustained arrhythmias were induced in 8 out of
10 mice. The same photostimulation protocol failed to trigger sustained ar-
rhythmias in Cx40-ChR2 mice (n = 8 mice) (Bottom panel). Blue arrows in-
dicate the light pulses.

Top). Such behavior was never evoked by applying the identical
stimulation protocol in the Cx40-ChR2 mice (Fig. 7 C, Bottom)
(n = 6 mice for each group). Interestingly, during the transitional
phase to irreversible ischemic damage (45-60 min after LAD
ligation) (59-61), photostimulation of the same region of the RV
triggered sustained polymorphic VT and VT/VF, lasting up to
50 s, in 8 out of 10 of the a-MyHC-ChR2 mice analyzed (Fig. 7
D, Top). On the contrary, the same protocol applied to all other
myocardial areas explored, outside this region, failed to evoke
sustained VT/VF. Moreover, the arrhythmia protocol applied to
stimulate the Purkinje fibers of ischemic Cx40-ChR2 hearts
never induced sustained arrhythmias, regardless of the stimula-
tion frequency and location (Fig. 7 D, Bottom). In sham-operated
mice (n = 4), photostimulation, either in single pulses or in
bursts, never triggered sustained arrhythmias.
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These results indicate that, during LV myocardial ischemia,
the propensity of focal ectopic beats to trigger arrhythmias varies
with the anatomical sites, as identical ectopies had remarkably dif-
ferent effects, ranging from single stimulated beats to the triggering
of sustained arrhythmias. The highest arrhythmogenic potential was
found for ectopies occurring in the region corresponding to the root
of the RVOT and involving both Purkinje fibers and working car-
diomyocytes. The depolarization of the sole Purkinje fibers was, in
fact, not able to trigger sustained arrhythmias.

Discussion

Most ventricular arrhythmias are caused by the combined effect
of factors creating a substrate in the heart tissue favoring elec-
trical instability, with events of localized depolarization in the
cardiomyocytes serving as a trigger (4, 5). Although great prog-
ress has been made in the identification of the mechanisms
determining the proarrhythmogenic substrate (e.g., genetic
mutations altering the single-cell electrophysiology or cell—cell
communication, myocardial fibrosis) (6, 7, 60), the fundamental
requirements of arrhythmia triggers are as yet poorly un-
derstood. Cardiac optogenetics was used to define such re-
quirements by determining the minimal cell number of working
versus conducting cardiomyocytes that characterize a trigger
focus of ectopic heartbeats in the normal heart. The arrhyth-
mogenic potential of such ectopies was explored during acute
myocardial ischemia, a condition associated with increased ar-
rhythmia susceptibility (9, 12, 13). In this study, the optogenetic
approach discriminated with high precision the location of ar-
rhythmia trigger sites in the heart and the different cell systems
involved (working versus conducting cardiomyocytes).

Critical Determinants of Arrhythmogenic Foci. Ectopic heartbeats
are common disturbances of the heart rhythm whereby the un-
timely depolarization of groups of cardiomyocytes, mainly due to
early or delayed afterdepolarizations, disrupts the physiologic
sequence of impulse formation resulting in premature contrac-
tions. The electrotonic coupling of the myocardium protects
against the propagation of arrhythmogenic action potentials
triggered by afterdepolarizations; only after a sufficient number
of cardiomyocytes are activated simultaneously to overcome the
source-sink mismatch will an ectopic beat occur (4, 5). Here we
quantitatively studied the critical determinants of arrhythmo-
genic focal sources, including the minimal cell number, their
cardiac topology, and the type of cells involved. These aspects
have, thus far, only indirectly been estimated in ex vivo prepa-
rations or with simulation modeling based on cellular data (4, 5).
We used optogenetics that allowed the direct activation of se-
lective cardiac cell populations expressing the photoactivable
channels (i.e., ChR2 in this study) in confined regions of the
heart wall, thus mimicking focal spontaneous electrical activity.
As a prerequisite to our experimentation, we determined the
attenuation of the blue light across the myocardial wall, by
combining light penetrance data in tissue with mathematical
modeling, and were thus able to accurately control the 3D size of
the ectopic foci. Our data demonstrated that the minimal num-
ber of cardiomyocytes required to form a focal ectopic site of
ventricular activation is, in the mouse heart, in the order of a few
thousand (from 1,300 to 1,800) cells. When premature de-
polarization was selectively induced in the Purkinje fiber cells, a
much lower number of simultaneously depolarizing cells (in the
order of 100) was needed to trigger ventricular activation. Given
the highly heterogenous distribution of Purkinje fibers through-
out the myocardial walls, the estimate must be taken with a
broader confidence interval than in the case of working car-
diomyocytes. However, this observation is in agreement with the
prediction of simulation modeling (4) suggesting that, irre-
spective of their sensitivity to develop afterdepolarizations,
conducting cardiomyocytes more easily overcome the protective

PNAS | Published online July 23, 2015 | E4501

wv
=2
=
a
w
<
=
o

PHYSIOLOGY



L T

/

1\

=y

effect of myocardial current sinks, solely due to their quasi-
monodimensional arrangement. Taken together, these results
demonstrate that the selective optogenetic interrogation of the
Purkinje fibers, combined with the topological study of their dis-
tribution, informs on the structure/function relationship of this
cardiac subsystem with unprecedented detail.

Triggered Arrhythmias During Myocardial Ischemia. Acute myocar-
dial ischemia is a major cause of SCD (9, 10). The sudden ces-
sation of myocardial blood flow causes heterogeneities in
excitability, refractoriness, and/or conduction. All of these fac-
tors contribute to creating the proarrhythmogenic myocardial
substrate that, in the presence of ectopic excitation from focal
sources, may trigger the lethal ventricular arrhythmias (12, 61,
62). Having established the tissue determinants for the genera-
tion of focal ectopic beats, we ascertained the characteristics of
focal ectopic triggers of ventricular arrhythmias potentially
causing SCD by coupling optogenetic investigation to the ex-
perimental model of acute myocardial ischemia. Central to such
an experimental design, the optogenetic investigation is non-
invasive and does not associate with heterogeneity in myocardial
depolarization nor with tissue damage that might be caused by
the production of damaging gases (Cl,, H,, O,) and pH alter-
ations during conventional electric stimulation (63, 64), espe-
cially during prolonged experiments. Focal ventricular pacing at
various regions in the healthy heart could be performed even at
an elevated rate and for a prolonged period (up to 30 min) and
never trigger arrhythmic episodes. Local deep tissue pacing
during myocardial ischemia triggered instead several arrhythmia
types, progressing from short runs of extra beats to sustained VT/VF,
along with ischemia time. Remarkably, the longer and more
complex arrhythmias were triggered by local pacing in corre-
spondence to the RV portion showing a complex organization in
the terminal Purkinje fibers. Interestingly, the same structure has
been identified in the human heart (65, 66), and it is tempting to
speculate that such anatomical organization of the cardiac con-
duction system network might contribute to the generation of
arrhythmias triggered by ectopies arising from the RVOT, as
well-reported in the literature (67).

Limitations and Perspectives of the Study. The study applies cardiac
optogenetics to a murine model of cardiovascular pathology (i.e.,
myocardial ischemia) and describes the focal arrhythmia trigger
determinants. The main limitation of the study is that, although
the genetic restriction of ChR2 expression to atrial and con-
duction system cells allowed us to selectively interrogate the
Purkinje fiber function, in the alternative model used, the
a-MyHC promoter drives ChR2 expression to all cardiomyocyte
types and not solely to the working cardiomyocytes. We aimed to
overcome such a disadvantage by combining optogenetics with
the conventional pharmacologic strategy used to ablate Purkinje
fibers, in a subset of experiments. Such an approach, however,
could not be applied to the in vivo assessments during ischemia,
due to the complex adverse effects of the treatment. The study
methodology and the accuracy of the estimates of the cell
number needed to generate PVCs rely centrally on the mea-
surements of tissue light absorption. One limitation of such
measures is that they have been performed using cardiac slices
that, although freshly cut, are not physiologically perfused by the
blood, which may have a modest but noticeable effect on tissue
light penetration.

The protocols developed in the current investigation can po-
tentially be combined to emerging methods of voltage imaging of
the heart in vivo, to define in higher detail the electrophysiologic
effect of local photoactivation and the mechanisms of arrhythmia
dynamics. We have used here a rather simple hardware setup for
the photoactivation experiments in the mouse, but our pre-
liminary investigations indicate that technical strategies allowing
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complex light patterns (e.g., multiple photopacing foci or delivery
of complex spatial illumination patterns) can be used to mimic
relevant arrhythmogenic phenotypes, including bidirectional VTs
or spiral depolarization wavefronts. In addition, a stable implant
of miniaturized LED in the mouse thorax can be pursued to
achieve optical stimulation of PVCs in the freely moving animal,
allowing the investigation of the effects of focal ectopies in chronic
disease models and the longitudinal study of drug effects.

Conclusions. In essence, our study extended the cardiac optogenetics
toolkit with a murine model with ChR2 expression restricted to the
conduction system and developed experimental protocols to address
physiological and pathological mechanisms relevant to the un-
derstanding of cardiac arrhythmias. In perspective development,
optogenetics can be used for the study of other arrhythmia-linked
genetic (e.g., LQTS, CPVT) or acquired arrhythmogenic conditions
and for pharmacological research aimed at the identification and
testing of antiarrhythmic compounds.

Methods

Mouse Models. For ex vivo study, we used transgenic adult (3 mo old) male mice
expressing the hChR2(H134R)-tdTomato fusion gene under the control of the
a-MyHC promoter; mice were backcrossed into the C57B6J background. For in
vivo study, transgenic adult male mice, with a genetic background C57B6J,
expressing cre-recombinase under the control of either the a-MyHC or Cx40
promoter were bred with B6.Cg-Gt(ROSA)26S0r™27-1(CAG-COP4*H134R/tdTomato)Hzey
expressing mice (Jackson Lab). The resulting offspring had the STOP cas-
sette deleted in the heart, resulting in cardiomyocyte (a-MyHC-ChR2) or
Purkinje fiber (Cx40-ChR2) expression of the hChR2(H134R)-tdTomato fu-
sion protein. Both o-MyHC-cre*’~ and Cx40-cre*’~ lines were used to
maintain the colonies. Hearts from Cx40-GFP transgenic mice were also
analyzed (68). All experimental procedures described in this article have
been approved by the institutional ethical committee, Comitato Etico di
Ateneo per la Sperimentazione Animale, University of Padova (authoriza-
tion C54) and communicated to the relevant Italian authority (Ministero
della Salute, Ufficio VI), in compliance with Italian Animal Welfare Law
(Laws n 116/1992, D.Lgs 26/2014, and subsequent modifications).

Optical Mapping. The electrical activity of hearts of transgenic ChR2 mice was
visualized in Langendorff isolated perfused hearts, via epicardial voltage
mapping. To eliminate cross-talk between stimulating light and fluorescence
emission, the dye RH1691 (40 pM), which has a deep red emission spectrum,
was used. The recording system consisted of the commercially available
microscope MVX10 (Olympus) and the MiCam camera system, which allows
recording with a frame rate of up to 1 kHz at a spatial resolution of 100 x
100 pixels. As the light source for the photostimulation, a high-power LED
with an emitting peak wavelength of 470 nm was coupled to multimode
optical fibers (Thorlabs GmbH) with decreasing diameters (1,000 pm, 800 pm,
400 pm, and 200 pm). The LED was triggered via a high-power, one-channel
LED driver with pulse modulation (Thorlabs GmbH). Signals were analyzed
applying custom-made software (MatLab, Mathworks).

In Vivo Epicardial Photostimulation. Adult ChR2-expressing transgenic male
mice and littermate controls were anesthetized by isoflurane administration
(1.5-3% vol/vol), secured to the table in supine position, and intubated with a
24G needle for ventilation (tidal volume, 0.4 mL; 120 strokes per minute) from
an artificial ventilator (SAR-830). Body temperature was monitored constantly
during the experiment. The skin was dissected by a lateral subascellary 1.5-cm
cut, s.c. muscles were removed, and a 0.5-cm incision was performed at the
level of the fourth intercostal space. Self-retaining microretractors were then
used to separate the third and fourth ribs enough to get adequate exposure
of the operating region. The heart was exposed and different epicardial re-
gions from the atria and the LVs and RVs were stimulated by differently sized
(from 100 to 1,500 diameter, in pm) fiber optics (Thorlabs), coupled to a 470-nm
LED (Thorlabs), controlled by an ECG-coupled recording system (Powerlab 8/30,
Bioamp and LabChart 7.1 software; AD Instruments). Trains of 5-ms light
pulses were delivered with a cycle length of 100 ms, with the exception of
the burst stimulation used for the study of arrhythmia triggering.

ECG Recording and Analysis. A standard lead | ECG was recorded (Powerlab 8/30,
Bioamp; AD Instruments) during the experiment. ECG parameters (QRS, PR
interval and heart rate) were calculated by using LabChart 7.1 software
(AD Instruments).
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Measurement of the Ventricular ERP. The ventricular ERP (VERP) of both the
working cardiomyocytes and Purkinje fibers was evaluated in a-MyHC-ChR2
and Cx40-ChR2, respectively, by using the extrastimulus technique (69, 70).
The epicardial surface of the RV was photostimulated by a train of 10 light
pulses (5 ms), at a frequency of 10 Hz (cycle length, 100 ms) (51), followed by
a premature optical stimulus (S2) at a progressively shorter coupling interval
until the S2 failed to trigger an ectopy at the VERP (Fig. 5B).

Burst Photoactivation Protocol. Brief trains of 5-ms light pulses were delivered
to a fixed epicardial region with repetition rates ranging from 10 Hz to 25 Hz
(cycle length, 100 ms to 40 ms). For each experiment, stimulation was de-
livered to five reference regions at the heart base and mid portion, which
specifically were as follows: 1, LV anterior; 2, LV septal; 3, lateral; 4, RV free
wall; 5, septal. The apex was considered separately.

Pharmacological Purkinje Fiber Ablation. We carefully injected 10 uL of Lugol’s
solution [5% (wt/v) iodine and 10% (wt/v) potassium iodide, in distilled
water] supplemented with an equal volume of Heparin (all from SIGMA)
into either the RV or the LV cavity by using a Hamilton syringe supporting a
34G needle. To increase permanence of Lugol’s solution in the ventricles, the
pulmonary artery or the aorta was transiently clamped (about 10 s).

Optical Projection Tomography. Hearts from Cx40-GFP transgenic mice were
analyzed as previously described in ref. 71.

LAD Coronary Artery Ligation. The main trunk of the LAD coronary artery was
ligated under microscope guidance, by using a 7/0 polypropylene suture (72).
Epicardial photostimulation was performed at different time points (from 5
to 90 min) after coronary occlusion, during constant ECG recording.

Measurement of Blue Light Attenuation in the Myocardium. Hearts from both
control and ChR2-expressing mice were harvested, and the LV and RV walls
dissected. Intact ventricles, as well as longitudinally cut ventricular slices of
different thickness, were placed in contact with the light sensor of a power
meter (Thorlabs, PM100D). The same fiber optics used in the in vivo exper-
iments were used to determine tissue light attenuation, by illuminating the
slices while measuring the emerging light intensity with the power meter.
Emerging light intensity was measured for each fiber diameter (from 100 to
1,500 pm), at varying light intensities (from 0.36 to 27 mW/mm?), and all
these measures were performed in slices of different thickness (from 25 to
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