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Abstract
Cardiac action potential (AP) shape and propagation are regulated by several key dynamic factors such as ion channel 
recovery and intracellular Ca2+ cycling. Experimental methods for manipulating AP electrical dynamics commonly use ion 
channel inhibitors that lack spatial and temporal specificity. In this work, we propose an approach based on optogenetics to 
manipulate cardiac electrical activity employing a light-modulated depolarizing current with intensities that are too low to 
elicit APs (sub-threshold illumination), but are sufficient to fine-tune AP electrical dynamics. We investigated the effects of 
sub-threshold illumination in isolated cardiomyocytes and whole hearts by using transgenic mice constitutively expressing 
a light-gated ion channel (channelrhodopsin-2, ChR2). We find that ChR2-mediated depolarizing current prolongs APs and 
reduces conduction velocity (CV) in a space-selective and reversible manner. Sub-threshold manipulation also affects the 
dynamics of cardiac electrical activity, increasing the magnitude of cardiac alternans. We used an optical system that uses 
real-time feedback control to generate re-entrant circuits with user-defined cycle lengths to explore the role of cardiac alter-
nans in spontaneous termination of ventricular tachycardias (VTs). We demonstrate that VT stability significantly decreases 
during sub-threshold illumination primarily due to an increase in the amplitude of electrical oscillations, which implies that 
cardiac alternans may be beneficial in the context of self-termination of VT.
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Introduction

Cardiac action potential (AP) onset and propagation across 
the heart are physiological processes regulated by several 
key dynamic factors such as collective ion channel recov-
ery as well as intracellular Ca2+-cycling [34, 35]. Patho-
logical conditions alter these properties, often resulting 
in beat-to-beat changes of AP properties, a phenomenon 
called “alternans” [42], which is linked to an increased 
risk of life-threatening re-entrant cardiac arrhythmias. 
Experimental methods for manipulating AP dynamics are 
limited: pharmacological approaches [18, 19, 41] lack spa-
tial and temporal specificity and in some cases are only 
partially reversible. In this work, we propose an approach 
that uses optogenetics to manipulate cardiac AP dynam-
ics, enabling the exploration of the role that cardiac alter-
nans plays in sustaining or terminating re-entrant cardiac 
arrhythmias.

Optogenetics combines the use of light-sensitive pro-
teins, genetically expressed in cells/tissues of interest, with 
high-resolution optical tools for contactless control and 
monitoring of electrical activity in excitable cells. Expres-
sion of light-sensitive depolarizing ion channels, such as 
channelrhodopsin-2 (ChR2) in excitable cells, enables the 
optical induction of APs [10, 26]. Following the tremen-
dous advances achieved in neuroscience, optogenetics 
has been successfully extended to cardiac research [13]. 
Optogenetics-based strategies have been proposed as alter-
natives to wired electrical stimulation for cardiac pacing 
[6, 30] and cardioversion [4, 5, 9, 11, 16, 31, 36, 38]. 
Moreover, optogenetics recently emerged as a robust tool 
for investigating wave dynamics in cardiac tissue, study-
ing the mechanisms underlying the induction, maintenance 
and control of cardiac arrhythmias [7, 12, 14, 40].

Importantly, optogenetic interventions have so far been 
mostly used for generating transient and intense depolariz-
ing currents for APs triggering or cardioversion. However, 
the utility of ChR2 for imposing a continuous depolariz-
ing current with amplitudes that are too low to elicit APs 
(sub-threshold illumination), but are sufficient to fine-tune 
AP electrical dynamics has not been fully investigated. 
Recent studies performed primarily in silico revealed 
novel insights about the use of sub-threshold illumination 
to destabilize and terminate spiral waves in a two-dimen-
sional (2D) model of adult mouse ventricle [20]. Moreo-
ver, sub-threshold stimulation has been used to manipulate 
the shape of cardiac APs in human atrial models at differ-
ent spatial scales [21]. In our present work, we explore the 
effects of sub-threshold illumination both in ex vivo and in 
silico experiments. We first characterized the electrophysi-
ological response to sub-threshold illumination of single 
cardiomyocytes isolated from mice expressing ChR2 

(under the control of a cardiac-specific α-myosin heavy 
chain promoter) using patch clamp techniques. Next, using 
an optical mapping system operating in the near-infrared 
range, in combination with a stimulator generating cus-
tomisable patterns of blue light, we characterized AP prop-
erties in isolated mouse hearts expressing ChR2. We found 
that sub-threshold illumination alters the shape of APs, 
allowing us to create spatiotemporal heterogeneities in AP 
properties across the heart in a completely reversible man-
ner. More importantly, we also found that sub-threshold 
illumination promotes changes in the dynamics of cardiac 
electrical activity: sub-threshold illumination increases 
cardiac alternans, which we studied in the context of self-
termination of ventricular tachycardia (VT).

Materials and methods

Mouse model generation

Transgenic mice (ChR2-mhc6-cre +) with cardiomyocyte-
specific expression of ChR2 (H134R variant) and control 
(CTRL) mice (ChR2-wtwt-cre +) were generated [46] and 
employed in this study. All animal handling and proce-
dures were performed in accordance with the guidelines 
from Directive 2010/63/EU of the European Parliament on 
the protection of animals used for scientific purposes. The 
experimental protocol was approved by the Italian Ministry 
of Health (protocol number 944/2018-PR).

Cell isolation and patch clamp recording

Ventricular cardiomyocytes from CTRL and ChR2 mice 
were isolated by enzymatic dissociation as previously 
described [39]. Briefly, mice (6 months old) were hep-
arinized (0.1 mL at 5000 units/mL) and anesthetized by 
inhaled isoflurane (5%). The excised heart was immedi-
ately bathed in cell isolation buffer and the proximal aorta 
was cannulated for perfusion in a Langendorff system. The 
buffer solution contained (in mM): 120 NaCl, 1.2 MgCl2, 
10 KCl, 1.2 KH2PO4, 10 glucose, 10 HEPES, 20 taurine, 5 
pyruvate, pH 7.4 (adjusted with NaOH), oxygenated with 
oxygen. After perfusion at 36 °C for 15 min with a con-
stant flow of 3 mL/min, the solution was then switched to a 
recirculating enzyme solution, made from the same buffer 
with the addition of 0.1 mg/mL Liberase™ (Roche Applied 
Sciences, Penzberg, Germany). After 8 min, the ventricles 
were excised and cut into small pieces in buffer solution 
added with 1 mg/mL of bovine serum albumin (BSA). 
Gentle stirring was used to further facilitate dissociation 
of myocytes. The cell suspension was left to settle, and the 
cell pellet was resuspended in Tyrode buffer, containing 
(in mM): 133 NaCl, 4.8 KCl, 1.2 MgCl2, 10 glucose and 10 
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HEPES, pH 7.4 (adjusted with NaOH). The calcium con-
centration of the cell suspension was gradually increased 
to 0.6 mM by adding 15 μL of CaCl2 (0.1 M). Finally, 
cardiomyocytes were superfused with Tyrode buffer con-
taining 1.8 mM CaCl2 during patch-clamp experiments. 
Patch-clamp data recordings and analysis were performed 
as previously described [8] using a Multiclamp700B 
amplifier in conjunction with pClamp10.0 and a DigiData 
1440A AD/DA interface (Molecular Devices, San Jose, 
CA, USA). For resting membrane potential (Vrest) and AP 
recordings, the pipette solution contained (in mM): 130 
potassium aspartate, 0.1 Na-GTP, 5 Na2-AT, 11 EGTA, 5 
CaCl2, 2 MgCl2, 10 HEPES (pH 7.2 with KOH). Intracel-
lular access was obtained via whole-cell ruptured patch. 
All experiments were performed at 36 ± 0.5 °C. APs were 
electrically elicited by inward current injection (3 ms cur-
rent square pulses, 500–1000 pA) at a stimulation fre-
quency of 1 Hz. To assess cell excitability, we increased 
the inward current pulse (3 ms duration) gradually (50 pA 
per step) until an AP was induced. Membrane resistance 
(Rm) was measured in the voltage clamp mode (− 80 mV) 
applying a double step of ± 10 mV. For sub-threshold 
ChR2 activation, the cells were globally illuminated using 
a light emitting diode (LED) operating at a wavelength 
centered at 470 nm (SPECTRA X light engine, Lumencor, 
Beaverton, OR, USA) and a × 20 objective (NA; 0.5, HCX 
PL FLUOTAR, Leica Microsystems, Wetzlar, Germany). 
Light intensities (LIs) were measured at the sample site 
using a photodiode sensor (PD300-3 W, Ophir Optronics, 
Jerusalem, Israel).

Isolated and perfused mouse hearts

The excised heart was immediately bathed in Krebs–Hense-
leit (KH) solution and cannulated through the aorta. The 
KH buffer contained (in mM): 120 NaCl, 5 KCl, 2 MgS2 
O4—7H2O, 20 NaHCO3, 1.2 NaH2PO4—H2O, 1.8 CaCl2 
and 10 glucose, pH 7.4 when equilibrated with carbogen. 
Cardiac contraction was inhibited during the entire experi-
ment with 5 μM blebbistatin (Enzo Life Sciences, Farm-
ingdale, NY, USA) in the solution. The cannulated heart 
was perfused through the aorta (using a horizontal-Lan-
gendorff perfusion system) with the KH solution and then 
transferred to a custom-built optical mapping chamber at 
a constant flow of 2.5 mL/min at (36 ± 0.5) °C. Two plati-
num electrodes were placed below the heart for monitor-
ing cardiac electrical activity via electrocardiogram (ECG). 
1 mL of perfusion solution containing the voltage sensi-
tive dye (VSD; di-4-ANBDQPQ, 6 μg/mL, University of 
Connecticut Health Center, Farmington, CT, USA) [24] 
was bolus injected into the aorta. All the experiments were 
performed at (36 ± 0.5) °C within 1 h after dye loading to 

avoid potential re-distribution of the dye and accumulation 
of phototoxic by-products.

All‑optical imaging and manipulation platform

Optical mapping and control were performed using a cus-
tom-made mesoscope. The whole mouse heart was illumi-
nated in a wide-field configuration using a 2 × objective 
(TL2x-SAP, Thorlabs, Newton, NJ, USA) and a LED operat-
ing at a wavelength centered at 625 nm (M625L3, Thorlabs, 
Newton, NJ, USA), followed by an excitation band-pass 
filter at 640/40 nm (FF01- 640/40–25, Semrock, Roches-
ter, NY, USA). The heart was illuminated with a maximum 
intensity of 1 mW/mm2. A dichroic beam splitter (FF685- 
Di02-25 × 36, Semrock) followed by a band-pass filter at 
775/140 nm (FF01-775/140–25, Semrock) was used for col-
lecting the VSD-emitted fluorescent signal. A × 20 objective 
(LD Plan-Neofluar × 20/0.4 M27, Carl Zeiss Microscopy, 
Oberkochen, Germany) was used to focus the fluorescent 
signal on a central portion (128 × 128 pixels) of the sensor of 
a sCMOS camera (OrcaFLASH 4.0, Hamamatsu Photonics, 
Shizuoka, Japan) operating at a frame rate of 1 kHz (1 ms 
actual exposure time). The detection path allows a field 
of view (at the object space) of 10.1 × 10.1 mm2 sampled 
with a pixel size of 80 μm. To manipulate cardiac electrical 
activity, a Lightcrafter 4500 projector (Texas Instruments, 
Dallas, TX, USA), operating at a wavelength of 470 nm, 
was used for projection of user-defined light patterns onto 
the heart surface. LIs were measured at sample site using 
a photodiode sensor (PD300-3 W, Ophir Optronics, Jeru-
salem, Israel). The system was used to optically probe AP 
propagation in mouse hearts during sub-threshold illumina-
tion using user-defined illumination patterns (whole heart, 
right half, and left half of the heart). Hearts were electri-
cally paced at the apex with a bipolar electrode using an 
isolated constant voltage stimulator (DS2A, Digitimer, Wel-
wyn Garden City, Hertfordshire, UK). As described before 
[17], the optical platform was implemented with a custom 
LabVIEW software program (LabVIEW 2015, Version 15.0 
64-bit, National Instruments, Austin, TX, USA), allowing 
it to mimic re-entrant VT during sub-threshold optogenetic 
illumination. Briefly, the apex of the heart was electrically 
paced, and the induced excitation wave propagated toward 
the base of the heart. Once an AP was optically detected in 
a region of interest (ROI) placed at the base of the heart, a 
new trigger was generated at the apex after a user-defined 
fixed delay, thus restarting the cycle. For each delay time 
(DT), re-entrant VT was established for 10 s.

Data and image analysis

All programs for data acquisition and analysis were devel-
oped with LabVIEW (National Instruments). For optical 
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recordings, ΔF/F0 imaging of cardiac electrical activity 
was performed by processing raw data: for each frame, the 
mean baseline was subtracted, and the frame was subse-
quently normalized to the mean baseline, yielding a per-
centage change in fluorescence over time. For each heart, 
AP kinetics parameters were measured, trace by trace, to get 
the mean values after averaging five to ten subsequent trials. 
AP maximum rising slope (APRS), AP duration (APD) at 
50% of repolarization (APD50), APD at 70% of repolariza-
tion (APD70), and APD at 90% of repolarization (APD90) 
were measured in a selected region of interest (ROI) of 
10 × 10 pixels (≈ 1 mm2). APD was determined relative to 
the time of maximum depolarization. During slow pacing, 
APDs were measured considering the diastolic potential 
preceding the beat, while during fast pacing bursts and VTs 
(where a full repolarization could not be measured), AP 
parameters were measured relative to fluorescence baseline 
before and after the stimulation burst. In VTs, conduction 
time (CT) was calculated as cycle length (CL)-DT. APRS, 
APD50, APD70 and CT alternans were calculated using the 
following formula: (

∑n−1

i=1
�Xi+1 − Xi�)∕(n− 1), where X is 

the parameter of interest. APRS and APD90 were also ana-
lyzed across the whole ventricle after a spatial binning of 
4 × 4 pixels, generating maps containing APRS and APD90 
values across the ventricle. In addition, spatial dispersion 
of these parameters were assessed by calculating the stand-
ard deviation (SD) of values across all pixels. Conduction 
velocity (CV) was calculated after a spatial binning of 4 × 4 
pixels using a multi-vector approach: a seed reference pixel 
was arbitrarily chosen, and the cross-correlation of the fluo-
rescence trace was calculated pixel by pixel, to estimate the 
temporal shift among every pixel (activation map). Next, 
local velocity maps were generated by calculating the delay 
between adjacent pixels divided by the pixel size. Since the 
local direction of AP wave-front is represented by a vec-
tor for each pixel, the mean CV was calculated by averag-
ing local CVs. Graphic representation of data was obtained 
using OriginPro 2018, version 9.5 64-bit (OriginLab Cor-
poration, Northampton, MA USA).

Numerical study

The effect of sub-threshold illumination was also investi-
gated using an ionic mathematical model of the optogeneti-
cally modified adult mouse ventricular monolayer. Electri-
cal activity in a single cardiac cell is modeled according to 
Eq. 1:

where V is the transmembrane voltage that arises from ionic 
gradients that develop across the cell membranes, Cm is the 
membrane capacitance of each cell and Istim is the electrical 

(1)dV∕dt = −
(

Iion + Istim
)

∕Cm,

stimulation current. The total ionic current Iion flowing 
across the membrane of a single cell is mathematically 
described using the electrophysiological model of an adult 
mouse ventricular cardiomyocyte, introduced by Bondar-
enko, including the model improvements in Petkova-Kirova 
[3, 32]. The 15 total currents flowing through the cell mem-
brane are: the fast Na+ current (INa), the L-type Ca2+ current 
(ICa,L), the Ca2+ pump current (IpCa), the rapidly recovering 
transient outward K+ current (Ito,f), the slowly recovering 
transient outward K+ current (Ito,s), the rapid delayed rec-
tifier K+ current (IKr), the ultrarapid delayed rectifier K+ 
current (IKur), the non-inactivating steady-state voltage-acti-
vated K+ current (Iss), the time-independent inwardly rectify-
ing K+ current (IK1), the slow delayed rectifier K+ current 
(IKs), the Na+/Ca2+ exchange current (INa/Ca), the Na+/K+ 
pump current (INa/K), the Ca2+ activated Cl− current (ICl(Ca)), 
the background Ca2+ current (ICa,b) and the background Na+ 
current (INa,b).

In a ventricular monolayer (2-dimentional (2D) domain), 
cardiac cells communicate with each other through intercel-
lular coupling. The membrane voltage is then modeled using 
a reaction–diffusion equation (Eq. 2):

The first term on the right-hand side of the equation con-
trols the intercellular coupling. D is the diffusion tensor, 
assumed here to be a scalar and set to the value 0.0014 cm2/
ms to obtain isotropic plane wave propagation with a veloc-
ity of 42 cm/s. In this 2D simulation domain, spatial and 
temporal resolution are considered with values of 0.025 cm 
and 10–4 ms, respectively. We also applied a no-flux bound-
ary condition at the unexcitable borders of this 2D region.

To make this model light responsive, we added the math-
ematical model of channelrhodopsin-2 (ChR2) [44] to this 
ionic cell model of ventricular mouse heart. This photo-
cycle model describes the dynamics of a non-selective cation 
channel ChR2 that responds to blue light with a wavelength 
of 470 nm. The inward ChR2 current (IChR2) is mathemati-
cally described by the following equation (Eq. 3):

Here, gChR2 is the conductance with value of 0.4 mS/
cm2, G(V) is the voltage rectification function, O1 and 
O2 are the open state probabilities of the ChR2, γ is the 
ratio of conductance of O2/O1 with value of 0.1, and 
EChR2 is the reversal potential of this channel with value 
of 0 mV. The detailed description and values of other 
parameters can be found in [44]. By including the math-
ematical model of ChR2 kinetics in the monolayer model 
of ventricular mouse heart, it is possible to simulate the 
effects of light on the ChR2 expressing monolayer at 
the 2D mono-domain level. To investigate the effect of 

(2)dV∕dt = ∇.(D∇V) −
(

Iion + Istim
)

∕Cm,

(3)IchR2 = gChR2G(V)
(

O1 + �O2

)(

V − EChR2

)

.
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sub-threshold illumination on the velocity of a propagat-
ing planar wave, a 2D domain with size of 2.5 × 2.5 cm2 
was continuously illuminated globally at different LIs 
(0, 0.005, 0.010, 0.0153, 0.020, 0.025, 0.030 mW/mm2). 
Then we measured the CV of the planar wave by measur-
ing the time the wave travels through two spatially distinct 
points with coordinates of X: 0.625 cm, Y: 1.25 cm and X: 
1.875 cm, Y: 1.25 cm. Global and structured illumination 
patterns were used to study the morphology of an excita-
tion wave AP under sub-threshold illumination. In both 
cases, planar waves were triggered by a sequence of elec-
trical pulses with a strength of 80 pA/pF, a pulse length 
of 0.5 ms, and a stimulation frequency of 5 Hz on the left 
side of the domain. Then, for the case of a global illumi-
nation pattern, we measured the APD90 and APA for an 
ROI selected in the center of the domain with a coordinate 
of (X: 1.25 cm, Y: 1.25 cm) while the planar wave passes 
through this single point. To visualize the difference in 
the CV of a planar wave propagating in illuminated and 
non-illuminated regions, we used a structured illumina-
tion pattern. To do this, we illuminated half of the area 
where the planar wave propagates perpendicular to the 
intersection of illuminated and non-illuminated regions.

Statistics

For each experimental condition, data from one cell (in 
patch clamp measurements) or one heart (optical mapping 
measurements) was averaged, and this average was used 
for comparison and statistical analysis. Two-way repeated 
measures (RM) analysis of variance (ANOVA) tests were 
used to compare electrophysiological features between 
CTRL and ChR2 mice at different LIs. This method not 
only assessed the main effect of each categorical inde-
pendent variable but also determines if there is any inter-
action between them, since the effects on the outcome of 
the change in one factor may depend on the magnitude of 
the other factor. For the comparison of means at specific 
LIs, the Tukey’s post hoc analysis was used. To investi-
gate the general influence of illumination on AP features 
in CTRL and ChR2 mice, a regression test was applied: 
an ANOVA test was used to assess if the fitting function 
(linear or exponential) is significantly better than a con-
stant function. In addition, the unpaired Student’s t test 
was used to compare two experimental groups, without 
another variable. A p value of < 0.05 was considered as 
indicative of a statistically significant difference between 
means (NS: p > 0.05; *p < 0.05; **p < 0.01, ***p < 0.001, 
****p < 0.0001). Statistical analysis was performed using 
OriginPro 2018, version 9.5 64-bit and GraphPad Prism, 
version 8.4.3.

Results

Sub‑threshold illumination in isolated 
cardiomyocytes

We first investigated the electrophysiological effects of 
sub-threshold illumination at the single cell level. Mem-
brane potential was monitored in CTRL and ChR2 cardio-
myocytes using patch clamp (current clamp configuration). 
Vrest of cardiomyocytes was recorded during global and 
constant sub-threshold illumination of cells with increas-
ing LIs from 0 to 11 µW/mm2. As shown in the representa-
tive traces in Fig. 1A, Vrest in CTRL cardiomyocytes which 
do not express ChR2 is not affected by the blue light and 
remains constant during the entire measurement. On the 
other hand, ChR2 expressing cardiomyocytes (in blue) dis-
played an increase in Vrest as a function of irradiance, with 
a mean ΔVrest of (7.47 ± 0.75) mV at the maximum irradi-
ance (Fig. 1B). This behavior was expected, considering 
that ChR2 activation gives rise to an inward flux of cations 
(IChR2), which depolarizes the cell. Interestingly, when the 
Vrest of the ChR2 cardiomyocytes reached more positive 
values following the light stimulus, an equilibrium point 
was immediately established (within the sampling resolu-
tion time), until a new level of irradiance was applied. 
Importantly, when the light was switched off at the end of 
the illumination protocol, the Vrest of the initial condition 
was immediately restored, demonstrating that the light-
induced depolarization is fully reversible.

We then investigated the effects of sub-threshold illu-
mination in presence of APs induced by inward current 
injection (3 ms current square pulses, 500–1000 pA, at 
1 Hz frequency). Figure 1C shows representative traces of 
APs recorded in CTRL and in ChR2 cardiomyocytes dur-
ing sub-threshold illumination with increasing LIs. These 
traces clearly show an increase in diastolic cell depolariza-
tion with increasing irradiance, as well as an altered AP 
shape in ChR2 cardiomyocytes; such changes were fully 
reversed when the light was turned off, and did not occur 
in CTRL cells. Specifically, we found a significant reduc-
tion of AP amplitude (APA), which decreased linearly 
with each increase of LI (Fig. 1D). Moreover, we observed 
changes in depolarization and repolarization times, which 
modified AP shape in ChR2 cardiomyocytes: AP rising 
slope (APRS) was significantly reduced (Fig. 1E), while 
AP duration (APD) was significantly prolonged (Fig. 1F), 
by amounts that linearly depended on the intensity of blue 
light. In addition, a mild LI-dependent reduction in Rm 
was observed in ChR2 cardiomyocytes at diastolic poten-
tial (Fig. 1G), while no effect on the cellular excitability 
was detected (Fig. 1H). Finally, a light-mediated increase 
in refractoriness was found in ChR2 cardiomyocytes 
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employing S1-S2 protocol (Supplemental Fig. S1). These 
findings demonstrate that constant sub-threshold illumi-
nation allows for a wide range of electrophysiological 

feature manipulations in single cardiomyocytes. Moreo-
ver, we explored the possibility to manipulate the AP in 
a time-selective manner. As show in Supplementary Fig. 

Fig. 1   Sub-threshold illumination in single cardiomyocytes isolated 
from CTRL and ChR2 mouse hearts. A Representative traces of Vrest 
recorded in CTRL (black) and ChR2 cardiomyocytes (blue) during 
global and constant sub-threshold illumination of cardiomyocytes at 
increasing light intensities (LIs). The bottom bar shows the LIs used. 
Light was incremented of 2 µW/mm2 every 5 s in the range 0–11 µW/
mm2. Blue light was turned off at the end of the illumination pro-
tocol to assess reversibility. B) Absolute values (left), percentage 
variation and absolute variation (right) of Vrest in CTRL and ChR2 
cardiomyocytes. C Representative traces of APs recorded in CTRL 
(black) and ChR2 cardiomyocytes (blue) during global and constant 
sub-threshold illumination of the cell at several increasing LIs. APs 
were induced by current injection at a frequency of 1 Hz. The bottom 
bar shows the LIs used. Light was incremented in 2 µW/mm2 steps 
every 2 s in the range 0–11 µW/mm2 and then turned off at the end 
of the illumination protocol to assess reversibility. The top three pan-
els show two successive APs recorded before (left dashed red frame), 
during (middle solid red frame) and after (right dashed red frame) 

sub-threshold illumination (zoom of traces in the bottom). D–F Abso-
lute values (left), percentage variation and absolute variation (right) 
of APA, APRS and APD90 in CTRL and ChR2 cardiomyocytes. 
Empty diamonds represent values when the light was turned off at the 
end of the illumination protocol to assess reversibility. G Absolute 
values of membrane resistance (Rm) in CTRL and ChR2 cardiomy-
ocytes measured at diastolic potential. H Absolute values of current 
intensity normalized to cell capacitance required to achieve AP fir-
ing in CTRL and ChR2 cardiomyocytes. Data was collected from 6 
CTRL mice (36 cardiomyocytes) and 10 ChR2 mice (30 cardiomyo-
cytes). Data are reported as mean ± standard error of the mean (SEM) 
and a linear fit on experimental data was superimposed. Regression 
analysis results (REG; ANOVA test) are shown for both CTRL and 
ChR2 cardiomyocytes. No significant difference was found between 
CTRL and ChR2 cardiomyocytes in Vrest, APA, APRS and APD in 
absence of sub-threshold illumination (two-way RM ANOVA test 
with Tukey’s post hoc test)
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S2, by applying a sub-threshold light pulse only during the 
AP repolarization phase, we demonstrated the possibility 
to selectively increase APD90, while the other electro-
physiological parameters (Vrest, APA, APRS) remained 
unaffected.

Sub‑threshold illumination in intact hearts

To assess the possibility of manipulating electrophysiologi-
cal characteristics in whole hearts, we measured the effects 
of sub-threshold illumination in intact Langendorff-perfused 
mouse hearts, stained with a red-shifted VSD using the mes-
oscopic imaging platform. To overdrive the sinus rhythm 
(SR; 5.1 ± 0.2 Hz in CTRL (n = 7) and 4.5 ± 0.2 Hz in ChR2 
(n = 17); t test: NS) CTRL and ChR2 mouse hearts were 

electrically paced at the apex with a burst of 15 stimuli at 
5 Hz. During this pacing protocol, the entire heart surface 
was constantly sub-threshold illuminated with blue light at 
different LIs (Fig. 2A). Importantly, the use of a VSD excita-
tion wavelength of 640 nm did not induce cell depolarization 
in the ChR2 mouse heart [40] allowing us to assess the effect 
of sub-threshold illumination employing optical mapping. 
However, the blue light used for sub-threshold illumination 
(470 nm) also excites the VSD, causing an increase of the 
fluorescence baseline signal (Supplementary Fig. S3A). This 
crosstalk precludes the possibility of manipulating AP in a 
time-selective manner and, more significantly, also affects 
the quantification of APA during constant sub-threshold 
illumination (Supplementary Fig. S3B). This is because the 
470 nm absorption occurs in a spectral region in which the 

Fig. 2   Sub-threshold illumination in intact hearts isolated from 
CTRL and ChR2 mice. A Representative fluorescence images of a 
mouse heart showing the illumination protocol. Mouse hearts were 
electrically paced at the apex using an electrode with a burst of 15 
stimuli at 5 Hz (the location of electrical stimuli are shown using a 
yellow bolt symbol). At the same time the entire surface of the heart 
was constantly sub-threshold illuminated with increasing LIs. Electri-
cal activity was optically recorded before (left panel), during (mid-
dle panel) and at the end (right panel) of sub-threshold illumination 
of the whole heart (filled blue circle). B Fluorescent signals (ΔF/F) 
extracted from the red ROIs in CTRL (black trace) and ChR2 (blue 
trace) mouse hearts. The blue bar shows the timing of the sub-thresh-
old illumination with LI = 0.153 mW/mm2. C APD90 map (top) and 

activation map (bottom) of ChR2 mouse heart shown in A (LI = 0.153 
mW/mm2). Black arrows highlight the light-mediated delay in AP 
wavefront propagation. D–F Absolute values (left), percentage varia-
tion and absolute variation (right) of APRS, APD90 and CV in CTRL 
and ChR2 hearts. Empty diamonds represent values when the light 
was turned off at the end of the illumination protocol to assess revers-
ibility. Data were collected from 7 CTRL and 7 ChR2 hearts. Data 
is reported as mean ± SEM and exponential (in D and E) and linear 
(in F) fit on experimental data was superimposed. Regression analy-
sis results (REG; ANOVA test) are shown for both CTRL and ChR2 
hearts. No significant difference was found between CTRL and ChR2 
hearts in APRS, APD and CV in the absence of sub-threshold illumi-
nation (two-way RM ANOVA test with Tukey’s post hoc test)
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VSD is less sensitive to the membrane potential, thus pro-
ducing an overall reduction of the actual VSD sensitivity.

Representative optical recordings (Fig. 2B) show that 
AP shape is manipulated by sub-threshold illumination (LI 
0.153 mW/mm2) in ChR2 mouse hearts. Normal AP shape 
is restored when the light is turned off, and no effects of 
sub-threshold illumination were observed in CTRL mouse 
hearts. Notably, APD90 and activation maps (Fig. 2C) reveal 
a marked increase in APD and a delay in AP wavefront prop-
agation within the illuminated area in ChR2 hearts. In line 
with patch-clamp experiments, APRS decreased (Fig. 2D), 
and APD90 prolonged (Fig. 2E) with increasing LIs. The 
light-mediated effects on APRS and APD90 occurred uni-
formly across the illuminated region without increasing AP 
spatial dispersion (supplementary figure S4). Finally, an 
inverse linear relationship between LI and CV was found 
(Fig. 2F) in ChR2 hearts.

Since light scattering within the tissue could create heter-
ogeneities which affect our experimental results, we assessed 
whether our observations in whole hearts were consistent 
with homogeneous illumination. Specifically, we tested if 

our experimental findings could be computationally pre-
dicted by using a mouse ventricular monolayer mathematical 
model, where a homogenous sub-threshold illumination was 
imposed (Supplemental Fig. S5A, B). Consistent with our 
experimental findings, the model predicted APD prolonga-
tion as well as APA and CV reduction as a function of LI 
(Supplemental Fig. S5C–E).

To demonstrate the spatial-specific capability of sub-
threshold illumination to manipulate electrophysiological 
parameters, we applied a simplified illumination pattern 
in ChR2 mouse hearts, where either the right or the left 
half of the ventricles was subjected to sub-threshold illu-
mination (Fig. 3A, F). Traces in Fig. 3A, F clearly show 
light-induced changes of electrophysiological parameters in 
the illuminated region which were absent in the unillumi-
nated half (LI 0.153 mW/mm2). As expected, APD90 and 
activation maps obtained in the presence of patterned sub-
threshold illumination (Fig. 3B, G) show APD dispersion 
and wave-front distortions. We found that in the illuminated 
region APRS was reduced (Fig. 3C, H), APD90 was pro-
longed (Fig. 3D, I), and CV was reduced (Fig. 3E, L) as a 

Fig. 3   Patterned sub-threshold illumination in ChR2 intact mouse 
hearts. A, F Left panels: representative fluorescence images of a 
mouse heart (the same reported in Fig.  2C) showing the illumina-
tion protocols. ChR2 mouse hearts were electrically paced at the 
apex with an electrode at 5 Hz (yellow bolt symbol) and at the same 
time the left (A) and the right (F) half of the heart was illuminated 
with increasing sub-threshold LIs. Right panels: fluorescent signal 
(ΔF/F) extracted from the red ROIs in the illuminated region in blue 
(LI 0.153 mW/mm2) and in the unilluminated region in gray. B, G 
APD90 (left) and activation (right) maps corresponding to experi-
mental condition in A,F. Black dashed line indicates the border 
between the illuminated and unilluminated region. Percentage vari-
ation and absolute variation of APRS C, H, APD90 (D,I), and CV 
(E,L) measured in the illuminated region and in the unilluminated 

region. Data were collected from 6 ChR2 hearts. Data is reported as 
mean ± SEM and exponential or linear fits on experimental data was 
superimposed. A two-way RM ANOVA with Tukey’s post hoc test 
was applied. M) Scheme showing the illumination protocol tested in 
a simulation of an optogenetically-modified mouse ventricular mon-
olayer. The simulation domain (2.5 × 2.5 cm) consists of a mouse ven-
tricular monolayer expressing ChR2 in which APs propagate as plane 
waves from the bottom (yellow arrows) to the top side of the domain. 
APs were electrically elicited with a stimulation frequency of 5 Hz. 
At the same time half of the domain was continuously sub-threshold 
illuminated (LI 0.02 mW/mm2) with the illumination edge perpendic-
ular to the AP wave-front. N) Representative frames of the simulation 
movie showing a clear delay of the propagating AP wave in the illu-
minated region compared to the unilluminated region
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function of irradiance, with differences achieving statistical 
significance at high LIs. Finally, a similar geometry was also 
applied in silico where half of the simulated domain was 
subjected to sub-threshold illumination (LI 0.02 mW/mm2), 
with the illumination edge perpendicular to the direction of 
wave propagation (Fig. 3M). As the representative frames in 
Fig. 3N show, waves propagating in the illuminated region 
exhibited a delay when compared to those propagating in the 
unilluminated region. This illumination pattern generated 
AP wave-front distortions as well as CV heterogeneities. 
These results confirmed those observed in our experiments: 
sub-threshold illumination with a simple geometry enables 
the generation of spatio-temporal heterogeneities in cardiac 
tissue, with regards to AP morphology and CV.

Pacing rate dependency of sub‑threshold 
illumination in intact mouse hearts

Next, we investigated how the effects of sub-threshold illu-
mination depend on the pacing rate. To this end, Langen-
dorff-perfused mouse hearts expressing ChR2 were elec-
trically paced at the apex with a burst of 15 stimuli with 
increasing stimulation frequency (5, 8, 10, 13 Hz). Cardiac 
activity was optically mapped in the presence (light-on) 
and absence (light-off) of sub-threshold illumination of 
the whole heart with LI 0.153 mW/mm2. Traces in Fig. 4A 
clearly show that at a low pacing rate (5 Hz), the sub-thresh-
old illumination promoted changes in AP shape as previ-
ously observed. On the other hand, at a higher pacing rate 
(13 Hz in Fig. 4B), the beat-to-beat oscillations of APRS and 
APD were more pronounced when the sub-threshold illumi-
nation was applied (Fig. 4C–E). Based on this observation, 
we evaluated whether pacing rate impacts the effects of illu-
mination in terms of beat-to-beat oscillations and mid-values 
(calculated by the average between the even and odd beats). 
We observed that the ChR2-mediated depolarizing current 
significantly increases APRS- and APD-alternans especially 
at high pacing rates (Fig. 4F–M). In terms of mid-values, 
we found that ChR2-mediated reduction of APRS (Fig. 4F) 
as well as APD70 prolongation (Fig. 4H) were preserved 
at each stimulation frequency, showing a negligible pacing 
rate dependency. In contrast, we found that APD50 was sig-
nificantly prolonged only at slower pacing rates (Fig. 4G).

Self‑termination of electrically‑stimulated VTs 
in ChR2 intact mouse hearts by sub‑threshold 
illumination

With the aim of exploring the role of AP parameters alter-
nans in the spontaneous termination of rapid rhythms, we 
used real-time feedback control to mimic re-entrant VTs 
in ChR2 intact mouse hearts. The system applies an elec-
trical pulse to the apex of the heart, which induces an AP 

that propagates toward the base. Once the AP is optically 
detected at the base, the system reinjects an electrical stim-
ulus at the apex with a pre-defined fixed delay time (DT: 
50, 60, 80, 100 ms) to reinitiate the cycle (Fig. 5A, B). As 
expected, we found that by imposing long DTs the VTs were 
stable, but when reducing the DT VTs became unstable and 
prone to spontaneous termination (Fig. 5B). These dynam-
ics can be explained by a loss of excitability as a conse-
quence of rapid cardiac activity. In this respect we found 
that in 97 ± 1.9% of cases (tested in 8 ChR2 hearts), VT 
self-termination stems from the electrical stimulus failing to 
excite the apex because it falls within the refractory phase 
of the tissue. When this occurred, no propagated AP was 
optically detected at the base, thus interrupting the cycle. 
In such cases, activation of the detection site at the base 
by a sinus beat (red arrowhead in Fig. 5B) was required to 
re-start the VT. These dynamics were significantly altered 
during sub-threshold illumination (whole heart at LI = 0.153 
mW/mm2). Representative traces in Fig. 5B, C show electri-
cally stimulated VTs using a DT of 60 ms and 50 ms, in the 
absence and presence of sub-threshold illumination. With 
a DT of 60 ms, the VT was stable without illumination but 
displayed 4 episodes of self-termination over the same time 
period when the light was on. With a DT of 50 ms, 2 self-ter-
mination episodes occurred even without illumination, but 
their number increased to 5 over the same time period when 
the light was on. Overall, self-termination was not observed 
with DT > 60 ms; however, at DTs ≤ 60 ms the number of 
self-terminations was increased by illumination (Fig. 5D). 
This result suggests that one or more light-mediated effects 
may reduce the stability of VT by increasing the tendency 
to spontaneous termination. Focusing on the dynamics of 
representative traces in Fig. 5B, C (magenta dotted frame), 
we observed that the antiphase oscillations of APD and CT 
were more pronounced when sub-threshold illumination was 
applied (Fig. 5E). Importantly, the last beat before the spon-
taneous termination was characterized by a long AP and a 
short CT, eventually leading to VT block (circled point in 
Fig. 5E).

The question arises whether illumination facilitated 
VT self-termination by its effect on the mid-values of AP 
parameters or rather on the amplitude of their oscillations 
(alternans). To address this question, we compared the light-
induced changes in the mid-values of individual AP param-
eters as a function of DT. APD was mainly prolonged by 
light at long DTs (Fig. 5F, G) when VT self-termination was 
seldom observed. CT was uniformly prolonged by light at 
all DTs, (Fig. 5H); however, longer CTs prolong the overall 
circuit time, which should favor perpetuation of the VT, as 
opposed to its self-termination. Thus, overall, light-induced 
changes in the mid-values of AP parameters may not account 
for VT self-termination. On the other hand, illumination 
enhanced both APD and CT alternans preferentially at 
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short DTs (Fig. 5I–M), i.e., when VT self-terminations was 
more often observed. These results suggest an important 
involvement of cardiac alternans in self-termination of VTs. 
To quantify this effect, we calculated the probability of the 
long AP/short CT combination in the cycle preceding VT 
termination (circled symbols in Fig. 5E). During the light-
off condition this probability was 77 ± 3% and it increased to 
93 ± 1% (Fig. 5N) during illumination. This result suggests 
that light-mediated VT termination is primarily caused by 
electrical oscillations rather than by an overall change in AP 
parameters. Regardless of illumination state, in the cycle 

preceding VT self-termination the long AP/short CT com-
bination was associated with a greater APD alternans ampli-
tude compared to terminations preceded by a short AP/long 
CT (Fig. 5O). Finally, we investigated how the light-medi-
ated current could affect the spatial distribution of electrical 
alternans across the ventricle by analysing APD50, APD90 
and CT within 4 ROIs evenly distributed across the ventricle 
surface. We found that in all ChR2 hearts (n = 8), electrical 
alternans was spatially concordant both in the absence and 
presence of sub-threshold illumination and at all CLs.

Fig. 4   Pacing rate dependency of sub-threshold illumination in ChR2 
intact mouse hearts. A, B) Representative traces optically recorded at 
the pacing rate of 5 Hz (A) and 13 Hz (B) during light-off (LI 0 mW/
mm2, in gray) and light-on (LI = 0.153 mW/mm2, in blue) condition. 
C–E Graphic representation of APRS (C), APD50 (D) and APD70 
(E) oscillations regarding the 13 APs showed in B. F–H APRS, 
APD50 and APD70 during odd (downward pointing triangles) and 
even (upward pointing triangles) beats. APRS, APD50 and APD70 

mid-values are also shown (solid line) by averaging the even and odd 
beats. I-M) APRS, APD50, and APD70 alternans magnitude (Alt) 
measured during light-off and light-on condition. Data was collected 
from 8 ChR2 hearts. Data is reported as mean ± SEM and exponen-
tial or linear fits on experimental data was superimposed. A two-way 
RM ANOVA with Tukey’s post hoc test was applied to mid-values, 
while a two-way RM ANOVA with Tukey’s post hoc test was applied 
to alternans



Basic Research in Cardiology          (2022) 117:25 	

1 3

Page 11 of 15     25 

Discussion

In the present work, sub-threshold optogenetic stimulation 
was used to destabilize re-entrant arrhythmias in an experi-
mental model system. ChR2 activation elicits an inward cur-
rent proportional to the level of irradiance. Our experiments 
and simulations investigated the consequences of this effect 

at different scales, ranging from the single cardiomyocyte 
to the whole heart, by using transgenic mice constitutively 
expressing ChR2.

Illumination enabled manipulation of several electrophys-
iological parameters in ChR2 expressing cardiomyocytes. 
Light-induced effects were totally and immediately reversi-
ble. It’s important to stress that the light-induced effects were 

Fig. 5   Sub-threshold illumination in ChR2 intact mouse hearts during 
electrically stimulated VT. A Scheme showing electrically stimulated 
VT in intact mouse heart expressing ChR2 in the presence (bottom) 
and absence (top) of sub-threshold illumination of the whole heart 
with LI = 0.153 mW/mm2. An electrical pulse (yellow bolt symbol) 
was applied to the apex of the ventricle to induce an AP which propa-
gated towards the base of the heart (red dashed lines). Once the prop-
agating wave was optically detected in the user-defined ROI (green 
rectangle), the system reinjects the electrical stimulus at the apex of 
the heart with a pre-defined fixed DT (clock). B, C Fluorescent sig-
nals (ΔF/F) extracted from the cyan ROIs showing VTs stimulated 
with a DT of 60  ms and 50  ms in the absence (traces in gray) and 
presence (traces in blue) of sub-threshold illumination. Spontane-
ous APs (red arrowhead) detected in the green ROI in A are needed 
to start or re-start the re-entrant cycle. D Number of interruptions 
per second of VT as a function of the DT, measured under light-off 
(LI = 0 mW/mm2, in gray) and light-on (LI = 0.153 mW/mm2, in 

blue) conditions. E) APD70 (left) and CT (right) oscillations in VTs 
showed in B and C (dotted magenta frame). The last beat before VT 
block has a long AP and a short CT. F–H APD50, APD70 and CT 
during odd (downward pointing triangles) and even (upward point-
ing triangles) beats. APD50, APD70 and CT mid-values are also 
shown (solid line) by averaging the even and odd beats. I-M) APD50, 
APD70 and CT alternans magnitude (Alt) measured under light-off 
and light-on conditions. A linear or an exponential fit was superim-
posed on experimental data. N) Probability that the last beat before 
VT block displays both a long AP and short CT calculated under 
light-off and light-on conditions. O APD70 Alt in several VT termi-
nations measured under light-off and light-on conditions as a func-
tion of the last beat before VT termination with a short AP/long CT 
or a long AP/short AP. Data were collected from eight ChR2 hearts. 
Data are reported as mean ± SEM. Two-way ANOVA with Tukey test 
means comparison (F–M) and Student’s t test (N, O) were applied
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exclusively related to ChR2 activation; indeed, illumination 
did not impact electrical activity in cells from CTRL mice. 
Both at rest and in the presence of electrically stimulated 
APs, we observed gradual membrane depolarization, whose 
magnitude was a function of irradiance. Stable Vrest values 
were immediately established when constant illumination 
was applied, which is probably due to the gating properties 
of ChR2: at the onset of the light stimulus the channel opens 
rapidly, and then desensitizes to a smaller steady-state con-
ductance during continued illumination [28]. Optogenetic 
illumination allowed us to obtain graded “sub-threshold” 
(i.e., that failed to trigger an AP) depolarization over a rather 
wide range of potentials (Fig. 1). This is likely due to the 
gradual increase of Vrest afforded by the protocol, which may 
inactivate Na+ channels before they enter an auto-regener-
ative loop with membrane potential. Membrane resistance 
(Rm) at a diastolic potential did not vary substantially during 
sub-threshold illumination, albeit it tended to decrease when 
light was stitched on. At rest potential, membrane conduc-
tivity is too large to see any significant variations caused by 
the opening of a few ChR2 channels. A significant decrease 
of Rm by ChR2 opening could potentially be observed at 
more positive potentials, when inward rectified K+ current 
(IK1) is inactivated. However, AP plateau is very short in 
mouse cardiomyocytes, and measuring resistance during 
AP repolarization is therefore technically challenging. The 
light-activated IChR2 also allowed AP manipulation in terms 
of amplitude and duration, in an irradiance-dependent man-
ner. Indeed, upon increasing the irradiance, we observed a 
gradual reduction of APA and APRS. These effects can be 
explained by partial inactivation of Na+ channels, secondary 
to Vrest depolarization. Accordingly, a refractoriness prolon-
gation was also observed. Sub-threshold illumination also 
caused an overall APD prolongation during both continuous 
illumination and during time-specific illumination, where 
the sub-threshold stimulus is applied exclusively during the 
repolarization phase of AP. This response is consistent with 
the IChR2 reversal potential [27]. Mouse APs display a fast 
initial repolarization which rapidly brings the membrane 
potential below 0 mV, causing most of the repolarization 
phase to occur at membrane potentials below 0 mV. As IChR2 
is inward below 0 mV (i.e., during the repolarization phase 
of AP in mouse heart), it opposes the repolarizing K+ cur-
rents, thereby slowing down repolarization kinetics.

The effects of illumination in intact hearts express-
ing ChR2 were consistent with those observed in isolated 
myocytes. We found a gradual decrease of the APRS as a 
function of increased irradiance, which is consistent with 
the depression of the fast depolarization rate observed in 
isolated cardiomyocytes (Fig. 1E). Likewise, prolongation 
of APD was found in a light intensity-dependent manner, 
which is consistent with the single cell experiments as well 
as the computational study. Upon increasing irradiance, in 

intact hearts we also found a reduction in CV, likely the 
consequence of partial INa inactivation by IChR2-induced 
Vrest depolarization [23]. Of note, in CTRL mice, a similar 
value of APD90 was found in patch-clamp and optical map-
ping recording, suggesting that the VSD and blebbistatin 
employed in Langendorff experiments do not significantly 
perturb the electrophysiology of the heart.

We also investigated how changes in cardiac electrical 
activity promoted by IChR2 could be affected by the pacing 
rate. We found a strong rate dependency of APD50. In fact, 
during fast repolarization (AP phase1), higher pacing rates 
results in more time above the reversal potential of the ChR2 
channel (≈ 0 mV) where IChR2 is outward rather than inward, 
thus giving rise to a repolarizing current which counteracts 
AP prolongation [13]. More importantly, we found that sub-
threshold illumination also affects the dynamics of cardiac 
electrical activity. The physiological beat-to-beat oscilla-
tions in APRS and APD, which usually occurs at fast beat 
rates, were increased by sub-threshold illumination and this 
effect was more pronounced at high pacing rates. This result 
may be related to the optogenetic manipulation of the electri-
cal restitution curve (supplemental figure S1). Indeed, the 
introduction of the depolarizing current IChR2 may result in 
a slower ion channel recovery from inactivation, eventually 
leading to an increase in the slope of the restitution curve 
which would cause an increase in cardiac alternans ampli-
tude [29].

The pro-arrhythmic effect of electrical alternans has 
been extensively demonstrated in various cardiac prepara-
tions [43]. Paradoxically, electrical alternans has also been 
observed before spontaneous termination of re-entrant 
rhythms [15]. In a recent study, Biasci and coauthors devel-
oped a simplified mathematical model capable of reproduc-
ing the electrical dynamics occurring in re-entrant rhythms 
and demonstrated how alternans are involved in generating 
non-sustained bursting rhythms [1]. Briefly, when CT and 
APD oscillate between beats, a stimulus delivered after a 
beat with a short CT and long APD will encounter a much 
shorter recovery time than the preceding stimulus. Con-
sequently, the termination of re-entry based arrhythmias 
occurs preferentially at the stimulus site following a beat 
with a short CT and a long duration.

Based on this theoretical study, here we employed 
sub-threshold illumination as a tool to increase cardiac 
alternans during an ongoing VT and we experimentally 
dissected the role of alternans in the context of self-termi-
nation of VT. In this respect, we exploited the capability 
of our optical platform to electrically generate re-entrant 
VTs in ChR2 mouse hearts using real-time feedback-con-
trol. Our platform allowed us to test the effects of sub-
threshold illumination during an ongoing VT. In general, 
several approaches can be used to experimentally induced 
re-entrant VTs, including ischemia and reperfusion, 



Basic Research in Cardiology          (2022) 117:25 	

1 3

Page 13 of 15     25 

catecholamine infusion, sodium pentobarbital or caffeine. 
However, these methods do not allow direct control of the 
re-entrant circuit length and sometimes are not sufficient 
to induce re-entrant arrhythmias due to the small size of 
the mouse heart [25]. In contrast, our strategy aims to gen-
erate user-defined re-entrant circuits with different cycle 
lengths (CLs) depending on the delay time (DT) of the 
electrical stimulus. We found a greater tendency for VTs to 
spontaneously terminate when sub-threshold illumination 
was applied, suggesting the presence of one or more light-
induced mechanisms leading to spontaneous termination. 
We found that DTs at which illumination promotes VT 
self-termination are associated with larger light-induced 
enhancements of APD and CT alternans. The larger 
oscillations lead to a higher probability of VT termina-
tion, which consistently occurred following a beat with a 
short CT and long AP. More importantly, the relationship 
between electrical alternans magnitude and the probabil-
ity of block associated with the combination of a short 
CT and a long AP was present regardless of illumination, 
suggesting that alternans may play a role in terminating 
re-entrant rhythms. Although the current work deals with 
VTs modeled by mono-dimensional re-entrant circuits, the 
same mechanism can in principle also occur in other much 
more complex systems (occurring in larger hearts, e.g., 
human) where other termination mechanisms (such as col-
lision of multiple spiral waves) can concomitantly occur 
[2]. Future investigations should be focused on exploring 
the role of alternans in more complex geometries. In this 
respect, panoramic [33] or volumetric [37] imaging could 
provide a more comprehensive view of cardiac dynamics 
across the whole heart surface as well as within ventricle 
walls, expanding the epicardial observations reported in 
this study. Furthermore, investigating the involvement of 
calcium oscillations during the light-mediated increase 
of APD alternans is essential, especially considering that 
altered calcium homeostasis often underlies the develop-
ment of AP alternans in (patho)physiological conditions 
[45].

In conclusion, our results support the idea that electrical 
alternans is the main mechanism for self-termination of re-
entry related tachycardias. Pharmacological interventions 
aimed at increasing the likelihood of electrical alternans at 
high pacing rates, such as the use of class 1a Na+-channel 
blockers which typically reduce conduction velocity and 
increase APD and refractoriness in the human heart [22], 
may mimic the effects of sub-threshold illumination, thus 
explaining their efficacy in reducing the risk of sustained 
arrhythmias in patients.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00395-​022-​00933-8

Acknowledgements  The authors thank Chiara Palandri for techni-
cal support in patch clamp experiments, as well as Peter Kohl, Cal-
lum Zgierski-Johnston and Antonio Zaza for helpful comments on the 
manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This study was funded by Fondazione CR Firenze, SALUS pro-
ject. L. Sacconi is member of the German Research Foundation Col-
laborative Research Centre SFB1425 (DFG #422681845).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visithttp://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Biasci V, Sacconi L, Cytrynbaum EN, Pijnappels DA, De Coster 
T, Shrier A, Glass L, Bub G (2020) Universal mechanisms for 
self-termination of rapid cardiac rhythm. Chaos (Woodbury, NY) 
30:121107. https://​doi.​org/​10.​1063/5.​00338​13

	 2.	 Boersma L, Brugada J, Kirchhof C, Allessie M (1993) Entrain-
ment of reentrant ventricular tachycardia in anisotropic rings of 
rabbit myocardium. Mechanisms of termination, changes in mor-
phology, and acceleration. Circulation 88:1852–1865. https://​doi.​
org/​10.​1161/​01.​cir.​88.4.​1852

	 3.	 Bondarenko VE, Szigeti GP, Bett GC, Kim SJ, Rasmusson RL 
(2004) Computer model of action potential of mouse ventricular 
myocytes. Am J Physiol Heart Circ Physiol 287:H1378-1403. 
https://​doi.​org/​10.​1152/​ajphe​art.​00185.​2003

	 4.	 Bruegmann T, Beiert T, Vogt CC, Schrickel JW, Sasse P (2018) 
Optogenetic termination of atrial fibrillation in mice. Cardiovasc 
Res 114:713–723. https://​doi.​org/​10.​1093/​cvr/​cvx250

	 5.	 Bruegmann T, Boyle PM, Vogt CC, Karathanos TV, Arevalo HJ, 
Fleischmann BK, Trayanova NA, Sasse P (2016) Optogenetic 
defibrillation terminates ventricular arrhythmia in mouse hearts 
and human simulations. J Clin Invest 126:3894–3904. https://​doi.​
org/​10.​1172/​JCI88​950

	 6.	 Bruegmann T, Malan D, Hesse M, Beiert T, Fuegemann CJ, Fleis-
chmann BK, Sasse P (2010) Optogenetic control of heart muscle 
in vitro and in vivo. Nat Methods 7:897–900. https://​doi.​org/​10.​
1038/​nmeth.​1512

	 7.	 Burton RA, Klimas A, Ambrosi CM, Tomek J, Corbett A, Entch-
eva E, Bub G (2015) Optical control of excitation waves in cardiac 
tissue. Nat Photonics 9:813–816. https://​doi.​org/​10.​1038/​nphot​on.​
2015.​196

	 8.	 Coppini R, Mazzoni L, Ferrantini C, Gentile F, Pioner JM, Lau-
rino A, Santini L, Bargelli V, Rotellini M, Bartolucci G, Crocini 
C, Sacconi L, Tesi C, Belardinelli L, Tardiff J, Mugelli A, Olivotto 
I, Cerbai E, Poggesi C (2017) Ranolazine prevents phenotype 
development in a mouse model of hypertrophic cardiomyopathy. 
Circ Heart Fail. https://​doi.​org/​10.​1161/​CIRCH​EARTF​AILURE.​
116.​003565

https://doi.org/10.1007/s00395-022-00933-8
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0033813
https://doi.org/10.1161/01.cir.88.4.1852
https://doi.org/10.1161/01.cir.88.4.1852
https://doi.org/10.1152/ajpheart.00185.2003
https://doi.org/10.1093/cvr/cvx250
https://doi.org/10.1172/JCI88950
https://doi.org/10.1172/JCI88950
https://doi.org/10.1038/nmeth.1512
https://doi.org/10.1038/nmeth.1512
https://doi.org/10.1038/nphoton.2015.196
https://doi.org/10.1038/nphoton.2015.196
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003565
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003565


	 Basic Research in Cardiology          (2022) 117:25 

1 3

   25   Page 14 of 15

	 9.	 Crocini C, Ferrantini C, Coppini R, Scardigli M, Yan P, Loew 
LM, Smith G, Cerbai E, Poggesi C, Pavone FS, Sacconi L (2016) 
Optogenetics design of mechanistically-based stimulation pat-
terns for cardiac defibrillation. Sci Rep 6:35628. https://​doi.​org/​
10.​1038/​srep3​5628

	10.	 Deisseroth K, Feng G, Majewska AK, Miesenbock G, Ting A, 
Schnitzer MJ (2006) Next-generation optical technologies for illu-
minating genetically targeted brain circuits. J Neurosci 26:10380–
10386. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​3863-​06.​2006

	11.	 Diaz-Maue L, Steinebach J, Richter C (2021) Patterned illumi-
nation techniques in optogenetics: an insight into decelerating 
murine hearts. Front Physiol 12:750535. https://​doi.​org/​10.​3389/​
fphys.​2021.​750535

	12.	 Entcheva E, Bub G (2016) All-optical control of cardiac excita-
tion: combined high-resolution optogenetic actuation and optical 
mapping. J Physiol 594:2503–2510. https://​doi.​org/​10.​1113/​JP271​
559

	13.	 Entcheva E, Kay MW (2021) Cardiac optogenetics: a decade of 
enlightenment. Nat Rev Cardiol 18:349–367. https://​doi.​org/​10.​
1038/​s41569-​020-​00478-0

	14.	 Feola I, Volkers L, Majumder R, Teplenin A, Schalij MJ, 
Panfilov AV, de Vries AAF, Pijnappels DA (2017) Localized 
optogenetic targeting of rotors in atrial cardiomyocyte mon-
olayers. Circ Arrhythm Electrophysiol. https://​doi.​org/​10.​1161/​
CIRCEP.​117.​005591

	15.	 Frame LH, Simson MB (1988) Oscillations of conduction, 
action potential duration, and refractoriness. A mechanism for 
spontaneous termination of reentrant tachycardias. Circulation 
78:1277–1287. https://​doi.​org/​10.​1161/​01.​cir.​78.5.​1277

	16.	 Funken M, Malan D, Sasse P, Bruegmann T (2019) Optoge-
netic hyperpolarization of cardiomyocytes terminates ventricu-
lar arrhythmia. Front Physiol 10:498. https://​doi.​org/​10.​3389/​
fphys.​2019.​00498

	17.	 Giardini F, Biasci V, Scardigli M, Pavone FS, Bub G, Sacconi L 
(2019) A software architecture to mimic a ventricular tachycar-
dia in intact murine hearts by means of an all-optical platform. 
Methods Protoc. https://​doi.​org/​10.​3390/​mps20​10007

	18.	 Hao SC, Christini DJ, Stein KM, Jordan PN, Iwai S, Bramwell 
O, Markowitz SM, Mittal S, Lerman BB (2004) Effect of beta-
adrenergic blockade on dynamic electrical restitution in vivo. 
Am J Physiol Heart Circ Physiol 287:H390-394. https://​doi.​org/​
10.​1152/​ajphe​art.​00749.​2003

	19.	 Hua F, Gilmour RF Jr (2004) Contribution of IKr to rate-
dependent action potential dynamics in canine endocardium. 
Circ Res 94:810–819. https://​doi.​org/​10.​1161/​01.​RES.​00001​
21102.​24277.​89

	20.	 Hussaini S, Venkatesan V, Biasci V, Romero Sepulveda JM, 
Quinonez Uribe RA, Sacconi L, Bub G, Richter C, Krinski V, 
Parlitz U, Majumder R, Luther S (2021) Drift and termination 
of spiral waves in optogenetically modified cardiac tissue at 
sub-threshold illumination. Elife. https://​doi.​org/​10.​7554/​eLife.​
59954

	21.	 Karathanos TV, Boyle PM, Trayanova NA (2014) Optogenet-
ics-enabled dynamic modulation of action potential duration 
in atrial tissue: feasibility of a novel therapeutic approach. 
Europace. https://​doi.​org/​10.​1093/​europ​ace/​euu250

	22.	 Kim SY, Benowitz NL (1990) Poisoning due to class IA anti-
arrhythmic drugs. Quinidine, procainamide and disopyramide. 
Drug Saf 5:393–420. https://​doi.​org/​10.​2165/​00002​018-​19900​
5060-​00002

	23.	 King JH, Huang CL, Fraser JA (2013) Determinants of myo-
cardial conduction velocity: implications for arrhythmogenesis. 
Front Physiol 4:154. https://​doi.​org/​10.​3389/​fphys.​2013.​00154

	24.	 Matiukas A, Mitrea BG, Qin M, Pertsov AM, Shvedko AG, 
Warren MD, Zaitsev AV, Wuskell JP, Wei MD, Watras J, Loew 
LM (2007) Near-infrared voltage-sensitive fluorescent dyes 

optimized for optical mapping in blood-perfused myocardium. 
Heart Rhythm 4:1441–1451. https://​doi.​org/​10.​1016/j.​hrthm.​
2007.​07.​012

	25.	 Merrill GF (2017) Experimentally-induced ventricular arrhyth-
mias. Int J Physiol Pathophysiol Pharmacol 9:202–210

	26.	 Nagel G, Brauner M, Liewald JF, Adeishvili N, Bamberg E, 
Gottschalk A (2005) Light activation of channelrhodopsin-2 in 
excitable cells of Caenorhabditis elegans triggers rapid behav-
ioral responses. Curr Biol 15:2279–2284. https://​doi.​org/​10.​
1016/j.​cub.​2005.​11.​032

	27.	 Nagel G, Ollig D, Fuhrmann M, Kateriya S, Musti AM, Bam-
berg E, Hegemann P (2002) Channelrhodopsin-1: a light-gated 
proton channel in green algae. Science 296:2395–2398. https://​
doi.​org/​10.​1126/​scien​ce.​10720​68

	28.	 Nagel G, Szellas T, Huhn W, Kateriya S, Adeishvili N, Berthold 
P, Ollig D, Hegemann P, Bamberg E (2003) Channelrhodop-
sin-2, a directly light-gated cation-selective membrane channel. 
Proc Natl Acad Sci USA 100:13940–13945. https://​doi.​org/​10.​
1073/​pnas.​19361​92100

	29.	 Nolasco JB, Dahlen RW (1968) A graphic method for the 
study of alternation in cardiac action potentials. J Appl Physiol 
25:191–196. https://​doi.​org/​10.​1152/​jappl.​1968.​25.2.​191

	30.	 Nussinovitch U, Gepstein L (2015) Optogenetics for in vivo 
cardiac pacing and resynchronization therapies. Nat Biotechnol 
33:750–754. https://​doi.​org/​10.​1038/​nbt.​3268

	31.	 Nyns ECA, Kip A, Bart CI, Plomp JJ, Zeppenfeld K, Schalij MJ, 
de Vries AAF, Pijnappels DA (2017) Optogenetic termination of 
ventricular arrhythmias in the whole heart: towards biological 
cardiac rhythm management. Eur Heart J 38:2132–2136. https://​
doi.​org/​10.​1093/​eurhe​artj/​ehw574

	32.	 Petkova-Kirova PS, London B, Salama G, Rasmusson RL, 
Bondarenko VE (2012) Mathematical modeling mechanisms 
of arrhythmias in transgenic mouse heart overexpressing TNF-
α. Am J Physiol Heart Circ Physiol 302:H934-952. https://​doi.​
org/​10.​1152/​ajphe​art.​00493.​2011

	33.	 Qu F, Ripplinger CM, Nikolski VP, Grimm C, Efimov IR (2007) 
Three-dimensional panoramic imaging of cardiac arrhythmias 
in rabbit heart. J Biomed Opt 12:044019. https://​doi.​org/​10.​
1117/1.​27537​48

	34.	 Qu Z, Karagueuzian HS, Garfinkel A, Weiss JN (2004) Effects 
of Na(+) channel and cell coupling abnormalities on vulner-
ability to reentry: a simulation study. Am J Physiol Heart Circ 
Physiol 286:H1310-1321. https://​doi.​org/​10.​1152/​ajphe​art.​
00561.​2003

	35.	 Qu Z, Shiferaw Y, Weiss JN (2007) Nonlinear dynamics of 
cardiac excitation-contraction coupling: an iterated map study. 
Phys Rev E Stat Nonlin Soft Matter Phys 75:011927. https://​
doi.​org/​10.​1103/​PhysR​evE.​75.​011927

	36.	 Quinonez Uribe RA, Luther S, Diaz-Maue L, Richter C (2018) 
Energy-reduced arrhythmia termination using global photo-
stimulation in optogenetic murine hearts. Front Physiol 9:1651. 
https://​doi.​org/​10.​3389/​fphys.​2018.​01651

	37.	 Sacconi L, Silvestri L, Rodríguez EC, Armstrong GAB, Pavone 
FS, Shrier A, Bub G (2022) KHz-rate volumetric voltage imag-
ing of the whole Zebrafish heart. Biophys Rep. https://​doi.​org/​
10.​1016/j.​bpr.​2022.​100046

	38.	 Sasse P, Funken M, Beiert T, Bruegmann T (2019) Optogenetic 
termination of cardiac arrhythmia: mechanistic enlightenment 
and therapeutic application? Front Physiol 10:675. https://​doi.​
org/​10.​3389/​fphys.​2019.​00675

	39.	 Scardigli M, Crocini C, Ferrantini C, Gabbrielli T, Silvestri L, 
Coppini R, Tesi C, Rog-Zielinska EA, Kohl P, Cerbai E, Pog-
gesi C, Pavone FS, Sacconi L (2017) Quantitative assessment 
of passive electrical properties of the cardiac T-tubular system 
by FRAP microscopy. Proc Natl Acad Sci USA 114:5737–5742. 
https://​doi.​org/​10.​1073/​pnas.​17021​88114

https://doi.org/10.1038/srep35628
https://doi.org/10.1038/srep35628
https://doi.org/10.1523/JNEUROSCI.3863-06.2006
https://doi.org/10.3389/fphys.2021.750535
https://doi.org/10.3389/fphys.2021.750535
https://doi.org/10.1113/JP271559
https://doi.org/10.1113/JP271559
https://doi.org/10.1038/s41569-020-00478-0
https://doi.org/10.1038/s41569-020-00478-0
https://doi.org/10.1161/CIRCEP.117.005591
https://doi.org/10.1161/CIRCEP.117.005591
https://doi.org/10.1161/01.cir.78.5.1277
https://doi.org/10.3389/fphys.2019.00498
https://doi.org/10.3389/fphys.2019.00498
https://doi.org/10.3390/mps2010007
https://doi.org/10.1152/ajpheart.00749.2003
https://doi.org/10.1152/ajpheart.00749.2003
https://doi.org/10.1161/01.RES.0000121102.24277.89
https://doi.org/10.1161/01.RES.0000121102.24277.89
https://doi.org/10.7554/eLife.59954
https://doi.org/10.7554/eLife.59954
https://doi.org/10.1093/europace/euu250
https://doi.org/10.2165/00002018-199005060-00002
https://doi.org/10.2165/00002018-199005060-00002
https://doi.org/10.3389/fphys.2013.00154
https://doi.org/10.1016/j.hrthm.2007.07.012
https://doi.org/10.1016/j.hrthm.2007.07.012
https://doi.org/10.1016/j.cub.2005.11.032
https://doi.org/10.1016/j.cub.2005.11.032
https://doi.org/10.1126/science.1072068
https://doi.org/10.1126/science.1072068
https://doi.org/10.1073/pnas.1936192100
https://doi.org/10.1073/pnas.1936192100
https://doi.org/10.1152/jappl.1968.25.2.191
https://doi.org/10.1038/nbt.3268
https://doi.org/10.1093/eurheartj/ehw574
https://doi.org/10.1093/eurheartj/ehw574
https://doi.org/10.1152/ajpheart.00493.2011
https://doi.org/10.1152/ajpheart.00493.2011
https://doi.org/10.1117/1.2753748
https://doi.org/10.1117/1.2753748
https://doi.org/10.1152/ajpheart.00561.2003
https://doi.org/10.1152/ajpheart.00561.2003
https://doi.org/10.1103/PhysRevE.75.011927
https://doi.org/10.1103/PhysRevE.75.011927
https://doi.org/10.3389/fphys.2018.01651
https://doi.org/10.1016/j.bpr.2022.100046
https://doi.org/10.1016/j.bpr.2022.100046
https://doi.org/10.3389/fphys.2019.00675
https://doi.org/10.3389/fphys.2019.00675
https://doi.org/10.1073/pnas.1702188114


Basic Research in Cardiology          (2022) 117:25 	

1 3

Page 15 of 15     25 

	40.	 Scardigli M, Mullenbroich C, Margoni E, Cannazzaro S, Cro-
cini C, Ferrantini C, Coppini R, Yan P, Loew LM, Campione 
M, Bocchi L, Giulietti D, Cerbai E, Poggesi C, Bub G, Pavone 
FS, Sacconi L (2018) Real-time optical manipulation of cardiac 
conduction in intact hearts. J Physiol 596:3841–3858. https://​
doi.​org/​10.​1113/​JP276​283

	41.	 Shattock MJ, Park KC, Yang HY, Lee AWC, Niederer S, 
MacLeod KT, Winter J (2017) Restitution slope is principally 
determined by steady-state action potential duration. Cardiovasc 
Res 113:817–828. https://​doi.​org/​10.​1093/​cvr/​cvx063

	42.	 Tse G, Wong ST, Tse V, Lee YT, Lin HY, Yeo JM (2016) Car-
diac dynamics: Alternans and arrhythmogenesis. J Arrhythm 
32:411–417. https://​doi.​org/​10.​1016/j.​joa.​2016.​02.​009

	43.	 Weiss JN, Nivala M, Garfinkel A, Qu Z (2011) Alternans and 
arrhythmias: from cell to heart. Circ Res 108:98–112. https://​
doi.​org/​10.​1161/​CIRCR​ESAHA.​110.​223586

	44.	 Williams JC, Xu J, Lu Z, Klimas A, Chen X, Ambrosi CM, 
Cohen IS, Entcheva E (2013) Computational optogenetics: 
empirically-derived voltage- and light-sensitive channelrho-
dopsin-2 model. PLoS Comput Biol 9:e1003220. https://​doi.​
org/​10.​1371/​journ​al.​pcbi.​10032​20

	45.	 Winter J, Bishop MJ, Wilder CDE, O’Shea C, Pavlovic D, Shat-
tock MJ (2018) Sympathetic nervous regulation of calcium and 
action potential alternans in the intact heart. Front Physiol 9:16. 
https://​doi.​org/​10.​3389/​fphys.​2018.​00016

	46.	 Zaglia T, Pianca N, Borile G, Da Broi F, Richter C, Campione 
M, Lehnart SE, Luther S, Corrado D, Miquerol L, Mongillo M 
(2015) Optogenetic determination of the myocardial requirements 
for extrasystoles by cell type-specific targeting of ChannelRho-
dopsin-2. Proc Natl Acad Sci USA 112:E4495-4504. https://​doi.​
org/​10.​1073/​pnas.​15093​80112

https://doi.org/10.1113/JP276283
https://doi.org/10.1113/JP276283
https://doi.org/10.1093/cvr/cvx063
https://doi.org/10.1016/j.joa.2016.02.009
https://doi.org/10.1161/CIRCRESAHA.110.223586
https://doi.org/10.1161/CIRCRESAHA.110.223586
https://doi.org/10.1371/journal.pcbi.1003220
https://doi.org/10.1371/journal.pcbi.1003220
https://doi.org/10.3389/fphys.2018.00016
https://doi.org/10.1073/pnas.1509380112
https://doi.org/10.1073/pnas.1509380112

	Optogenetic manipulation of cardiac electrical dynamics using sub-threshold illumination: dissecting the role of cardiac alternans in terminating rapid rhythms
	Abstract
	Introduction
	Materials and methods
	Mouse model generation
	Cell isolation and patch clamp recording
	Isolated and perfused mouse hearts
	All-optical imaging and manipulation platform
	Data and image analysis
	Numerical study
	Statistics

	Results
	Sub-threshold illumination in isolated cardiomyocytes
	Sub-threshold illumination in intact hearts
	Pacing rate dependency of sub-threshold illumination in intact mouse hearts
	Self-termination of electrically-stimulated VTs in ChR2 intact mouse hearts by sub-threshold illumination

	Discussion
	Acknowledgements 
	References




