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Aims Ventricular tachyarrhythmias (VTs) are common in the pathologically remodelled heart. These arrhythmias can be
lethal, necessitating acute treatment like electrical cardioversion to restore normal rhythm. Recently, it has been
proposed that cardioversion may also be realized via optically controlled generation of bioelectricity by the arrhyth-
mic heart itself through optogenetics and therefore without the need of traumatizing high-voltage shocks.
However, crucial mechanistic and translational aspects of this strategy have remained largely unaddressed.
Therefore, we investigated optogenetic termination of VTs (i) in the pathologically remodelled heart using an (ii)
implantable multi-LED device for (iii) in vivo closed-chest, local illumination.

Methods In order to mimic a clinically relevant sequence of events, transverse aortic constriction (TAC) was applied to adult male

and results Wistar rats before optogenetic modification. This modification took place 3 weeks later by intravenous delivery of adeno-
associated virus vectors encoding red-activatable channelrhodopsin or Citrine for control experiments. At 8—10 weeks af-
ter TAC, VTs were induced ex vivo and in vivo, followed by programmed local illumination of the ventricular apex by a
custom-made implanted multi-LED device. This resulted in effective and repetitive VT termination in the remodelled adult
rat heart after optogenetic modification, leading to sustained restoration of sinus rhythm in the intact animal
Mechanistically, studies on the single cell and tissue level revealed collectively that, despite the cardiac remodelling, there
were no significant differences in bioelectricity generation and subsequent transmembrane voltage responses between dis-
eased and control animals, thereby providing insight into the observed robustness of optogenetic VT termination.

Conclusion Our results show that implant-based optical cardioversion of VTs is feasible in the pathologically remodelled heart
in vivo after local optogenetic targeting because of preserved optical control over bioelectricity generation. These
findings add novel mechanistic and translational insight into optical ventricular cardioversion.

*Corresponding author. Tel: + 31 71 5265330; fax: +31 71 526 68 09, E-mail: d.a.pijnappels@lumc.nl
TThese authors contributed equally to the study.
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1. Introduction

Biological excitation (i.e. generation of bioelectricity) plays a key role in
the functioning of various organs, including the brain and heart. For the
heart, disturbances in this process could lead to rhythm disorders includ-
ing ventricular tachycardias (VTs), which are an important source of mor-
bidity and sudden cardiac death worldwide."? VTs most often occur in
the setting of structural heart disease, i.e. in the pathologically remodelled
heart.® Current therapies for VTs include anti-arrhythmic drugs, catheter
ablations, and implantable cardioverter defibrillators (ICDs). While drug
treatment is often ineffective and hampered by side effects, catheter abla-
tion can be effective for a selected subgroup of patients with monomor-
phic VTs and accessible substrates. However, catheter ablation may result
in irreversible complications and generally comes with modest long-term
efficacy. In contrast, high-voltage shocks from ICDs do terminate VTs in
an effective manner and have been proven to reduce mortality in different
cohorts of patients. These shocks are, however, not only very painful and
can lead to depression and anxiety, but may also be delivered inappropri-
ately and cause cardiac tissue damage.*® The development of novel thera-
pies that decrease such adverse effects, while improving the termination
success of hazardous VTs is hence of enduring relevance.

Optogenetics is a novel technology by which selected cells can be con-
trolled in various ways and with an unprecedented degree of spatiotempo-
ral control after being modified to express light-sensitive proteins.® One
class of such proteins are the channelrhodopsins, non-selective cation
channels that open upon exposure to light of specific wavelengths.
Ilumination of channelrhodopsin-expressing cardiomyocytes results in sus-
tained depolarization of the sarcolemma for the duration of illumination.
Such optically controlled generation of bioelectricity has recently been ap-
plied in healthy rodents to pace the heart and to terminate pharmacologi-
cally induced arrhythmias, including VTs in ex vivo studies of isolated, non-
remodelled hearts subjected to global and patterned illumination of the epi-
cardium by an external light source.””"? VTs, however, typically occur in
pathologically remodelled hearts, while for their optogenetic termination
to be realized in a clinically more relevant setting, an implantable light
source for closed-chest, local illumination would be required.

In order to explore these translational requirements of optogenetic VT
termination, we used adult rats selectively expressing the light-gated ion
channel red-activatable channelrhodopsin (ReaChR) in cardiomyocytes. In
these rats, the pathological structural and electrophysiological changes
that are so prevalent among VT patients were mimicked using transverse
aortic constriction (TAC)-induced chronic pressure overload resulting in a
cardiomyopathic phenotype characterized by myocardial hypertrophy and
fibrosis. Moreover, we refined the illumination method by applying a
custom-made, implantable LED device for local illumination of the apex of
the heart to enable experiments in the fully closed-chest in vivo setting.

2. Methods

A detailed description of all methods and materials is provided in the
Supplementary material online.

2.1 Study design

All animal experiments were approved by Animal Experiments
Committee of the Leiden University Medical Center, the Netherlands
(AVD1160020172929) and performed in accordance with the guidelines
from Directive 2010/63/EU of the European Parliament on the protec-
tion of animals used for scientific purposes. The experimental design of

the study is illustrated in Figure TA. At indicated timepoints post-TAC or
sham surgery, male Wistar rats (Crl: WIWU]; Charles River
Laboratories, Cologne, Germany) were subjected to electro- and echo-
cardiographic measurements and received adeno-associated virus vec-
tors (AAVVs) (2 x 10" genome copies) coding for ReaChR, or Citrine
as negative control protein. Male rats were used because their hearts
are larger than those of age-matched female rats, which facilitated the in-
duction of sustained VTs. The feasibility and efficacy of optical VT termi-
nation were assessed by ex vivo and in vivo apical illumination of the heart.
To this purpose, a miniaturized device was constructed that consisted of
four LEDs producing 567 nm (lime) or 617 nm (red) light (LUXEON Z
Color line LXZ1, Lumileds, San Jose, CA), a support frame, and a trans-
parent layer of UV curable optical adhesive (NOA63, Norland Products,
Cranbury, N)J). Electrophysiological, histological, and optical studies
were performed at the cellular and/or tissue level for safety assessment
and in-depth mechanistic insight.

2.2 TAC surgery and intravenous AAVV
injections

Rats were anaesthetized using 2—3% isoflurane vapour in O, at 0.8 L/min.
Baseline ECG data were collected using an 8-channel Powerlab data acqui-
sition device and recorded and analysed using LabChart Pro software ver-
sion 7 (both from ADInstruments, Oxford, UK). The rats were 9-10 weeks
old when they underwent TAC or sham surgery. Adequate anaesthesia
was confirmed by the absence of the pedal reflex. Pressure overload was in-
duced via TAC surgery as previously described.’ Briefly, the aorta was ex-
posed via the second left intercostal space. A 4-0 silk suture was placed
around the aorta between the brachiocephalic trunk and left common ca-
rotid artery. A spacer made from a 21 G hypodermic needle was placed
next to the transverse aorta. To constrict the aorta, the suture was tied
around the aorta and spacer before removing the spacer. Animals assigned
to receive sham surgery underwent the same procedure, except that no su-
ture was tied around the aorta. Adequate analgesia was provided before
and after surgery by subcutaneous injections of buprenorphine hydrochlo-
ride (0.05 mg/kg). In the first 3 days following surgery, subcutaneous injec-
tions were administered twice a day in case of signs of discomfort. Three
weeks after successful TAC or sham surgery, 2 x 10" genome copies of
AAV2/945.GgTnnt2.ReaChR~Citrine WHVPRESV40pA  or  AAV2/
9.45.GgTnnt2.Citrine WHVPRE.SV40pA diluted with phosphate-buffered
saline to a final volume of 700 pL were slowly injected into the tail vein using
a 25G needle (Becton Dickinson, Breda, the Netherlands). Rapamycin
(3mg/kg; LC Laboratories, Woburmn, MA) was administered every other
day by intraperitoneal injections for 4 weeks. Rats were euthanized by re-
moval of the heart following analgesia with buprenorphine hydrochloride
and anaesthesia with isoflurane as described above.

2.3 VT induction and use of multi-LED

implant for VT termination in vivo

In Week 8-10 post-surgery, animals were anaesthetized as described
above and the heart was exposed. VTs were induced by S1S2 pro-
grammed electrical stimulation or electrical burst pacing (cycle length
20-30ms) using a STG4002 stimulus generator with MC Stimulus I
software (Multichannel Systems, Reutlingen, Germany). As most self-
limited VTs lasted <5, optical VT termination was attempted when
VTs lasted longer than 5s. The LED device used in the apical illumina-
tion experiments was attached to the apex using two drops of histo-
acryl tissue glue (B. Braun, Melsungen, Germany). The optical
termination protocol consisted of up to three 500 ms pulses with a
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(A) Study design. (B) Typical example of m-mode echocardiograms showing decreased systolic function at Week 10 after TAC compared to baseline. Vertical
scale bars represent 5 mm, the horizontal scale bars represent 250 ms. (C) TAC resulted in decreased fractional shortening (***P<0.001, **P=0.002 using the
paired t-test) and (D) prolonged QRS duration (*P =0.015 and ns=non-significant using the paired t-test) 8—10 weeks after surgery compared to baseline. Each
dot represents a single animal, =10 rats per group. (E) LV wall thickness (each dot represents a single animal, n=7 rats per group) and (F) heart weight (mg)-
to-body weight (g) ratio (HW/BW) 8-10 weeks after TAC or sham surgery (each dot represents a single animal, n=10 rats per group) ***P<0.001 using the
Student’s t-test. (G and H) Representative examples of sirius red (G) and immunohistological (H) stainings of mid-ventricular transverse sections from one TAC
rat (upper pannels) and from one sham-operated rat (lower panels). Sections in (H) are immunostained for Citrine (green) and cardiac troponin-I (red). Cell
nuclei are stained in blue. The inserts in the left panels of (G and H) mark the areas depicted in the right panels. Scale bars represent 1 mm.

500 ms interval. The termination protocol was stopped once the VT
was terminated. VTs were considered to be optogenetically termi-
nated if the arrhythmia stopped within 1s following the end of the
last light pulse. ECG recordings were acquired and analysed as de-
scribed earlier."

2.4 Statistics

Statistical analyses were performed using SPSS Statistics v23.0 (IBM,
Armonk, NY). The Mann—Whitney U test was performed for the compari-
son of illumination and control groups. Other data were compared by using
the two-sided Student’s t-test for unpaired data and the two-sided paired
Student’s t-test for paired data. Data were expressed as means * standard

deviation or, for arrhythmia termination efficacies, current densities, and
membrane potentials as means * standard error of the mean (SEM). The
whole-cell patch clamp measurements are expressed as the means of the
raw data; the sharp electrode data are expressed as the means of the
means. Differences were considered statistically significant at P < 0.05.

3. Results

3.1 Characterization of the TAC model

Evaluation of cardiac contractile and electrophysiological function by
echo- and electrocardiography 8-10 weeks after TAC or sham surgery
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showed a significantly impaired myocardial fractional shortening
(325+£49 vs. 41.8+1.9%, P<0.001) and prolonged QRS duration
(205£4.5 vs. 158+ 1.7ms, P=0.015) in rats 10weeks after TAC
(n=10). The QRS duration did not significantly change in rats that under-
went sham surgery (17.0+ 1.3 vs. 17.3 £ 0.9 ms, P=0.449 at baseline vs.
Week 10, n=10). A significant yet functional irrelevant change was pre-
sent with regard to the fractional shortening in the sham group
(41.1+£1.3 vs. 41.8+1.6%, p=0.002 at baseline vs. Week 10) (Figure
1A-D). Electrical remodelling in TAC rats was demonstrated by signifi-
cant prolongation of sharp electrode-derived action potential duration
at 80% repolarization (APDgg) (97.5 ms vs. 52.3 ms, P=0.001, number of
hearts per group: 5, median number of impalements per heart: 2) and
ECG-derived corrected QT interval (140 £ 17 vs. 117 £ 5ms, P=0.001,
n=10) when compared to sham-operated animals.

Left ventricular (LV) hypertrophy in TAC rats was demonstrated by a
significantly increased LV wall thickness, measured histologically in the
mid-papillary short-axis plane (3.03 £0.28 vs. 240+ 0.22 mm in sham-
operated animals, P=0.001, n=7) (Figure 1E), which was in agreement
with a significant increased heart-to-body weight ratio (5.3 £ 1.3 mg/g in
TAC vs. 3.5+ 0.2mg/g in sham-operated rats, P <0.001, n=10) (Figure
1F). Further evidence of ventricular remodelling was obtained by histo-
chemical assessment of fibrosis, which demonstrated enhanced deposi-
tion of collagen in ventricular myocardium of TAC rats compared to
sham-operated controls (5.0+1.6% vs. 1.9+ 1.6%, P<0.001, n=10)
(Figure 1G). In addition, the average cell size represented by the whole-
cell capacitance of ventricular cardiomyocytes was significantly increased
in cells isolated from TAC animals compared to those of sham-operated
rats (250 £ 14.3 pF vs. 175 + 26.3 pF, respectively, P < 0.05, n = 7), indicat-
ing the presence of structural remodelling in TAC hearts at the cellular
level.

Intravenous administration of purified ReaChR-encoding AAVV par-
ticles (Supplementary material online, Figure S1A and B) resulted in simi-
lar transduction rates of ventricular cardiomyocytes in TAC and sham-
operated rats (71x8% vs. 70 10%, respectively, P=0.726, n=10).
Thus, efficient AAVV-mediated optogenetic transgene delivery and ex-
pression remained feasible in hearts undergoing pathophysiological
changes due to TAC-induced pressure overload (Figure 1H).

3.2 Electrophysiological characterization of
ReaChR photocurrents and membrane
response

Whole-cell patch clamp measurements of ReaChR-expressing ventricu-
lar cardiomyocytes showed strong depolarizing photocurrents upon
470 nm illumination (1s, 10 mW/mm?) for both TAC and sham-
operated rats (Figure 2A). This inward current was observed at a wide
range of membrane potentials negative to the reversal potential of the
ReaChR current (~10mV) in both groups (Figure 2B). Kinetic parame-
ters of the ReaChR current, including time-to-peak and time constant of
inactivation and closing were not significantly different between TAC
and sham animal-derived cardiomyocytes (Figure 2C-E). Illumination at
470 nm produced robust peak (-26+£05nA vs. -25+0.6nA,
P=0.9405) and plateau (-1.4£0.2nA vs. -1.3£0.3nA, P=0.9479) pho-
tocurrent amplitudes in both the TAC (n=8 cells isolated from five
hearts) and sham group (n =7 cardiomyocytes from two hearts), respec-
tively (Figure 2F and G). In addition, 470 nm illumination led to sustained
plasma membrane depolarization during the entire duration of illumina-
tion (Figure 2H) from an average resting membrane potential (Ves) of
-742£08mV and -777+35 to plateau potentials (Vpatear) Of

-154+7mV and -13.5+£87mV in cardiomyoctes of TAC (n=7 cells
obtained from four hearts) and sham-operated (n=5 cells from two
hearts) animals, respectively. There were no statistical differences be-
tween the two experimental groups (Figure 2/ and J), which demonstrates
that ReaChR-mediated depolarization of the sarcolemma remains effec-
tive in a pathophysiological cardiac substrate.

3.3 Development of a custom-made LED
device for apical implantation

Since the penetration depth of visible light increases with its wavelength
and ReaChR has a broad action spectrum that extends into the red por-
tion of the visual spectrum,’™ we next performed additional whole-cell
patch clamp experiments, sharp electrode measurements, and computa-
tional simulations evaluating 470, 567, and 617 nm light in order to find
out which wavelengths are the most suited for in vivo optogenetic VT ter-
mination. Peak photocurrent amplitudes were on average 54.6 + 8.3%
higher for 567 nm and 40 £ 31% higher for 617 nm light pulses when
compared to 470 nm light pulses (1 mW/mm?) (n=6 cardiomyocytes
from three hearts, P=0.0006 and P = 0.0054, respectively), whereas the
plateau photocurrent amplitudes were very similar (P>0.05) across
these wavelengths (Figure 3A and B). In addition, no significant differences
were observed in membrane plateau potentials upon illumination with
500 ms light pulses (1 mW/mm?) of 470, 567 or 617 nm (n =6 cardio-
myocytes from three hearts, P> 0.05) (Figure 3C). Sharp electrode meas-
urements on ReaChR-expressing apical tissue samples demonstrated
strong and sustained membrane depolarization upon illumination with
470, 567, and 617 nm light pulses of 500 ms and with intensities of >0.25
mW/mm? (Figure 3D and Supplementary material online, Figure S2A).
Importantly, tissue samples were rendered unexcitable for the entire du-
ration of illumination as demonstrated by loss of capture in response to
electrical pacing during illumination (from 0.1 mW/mm? for 470 and 567
nm light and from 0.25 mW/mm? for 617 nm light) (Supplementary ma-
terial online, Figure S2B). However, computer simulations predicted that
567 and 617 nm were more effective in penetrating blood-perfused ven-
tricular myocardium, thus potentially allowing excitation of a substan-
tially larger ventricular mass than can be excited with light of 470 nm
(Figure 3E). Since these experiments demonstrated that at an intensity of
>0.25 mW/mm?, 567 and 617 nm light produced similar membrane po-
tential responses but larger peak photocurrents and improved tissue
penetration in comparison to 470 nm light, the 567 nm and 617 nm
wavelengths were used for the whole heart experiments. To this end,
we designed custom-made 567 and 617 nm multi-LED devices small
enough for direct epicardial application in vivo. These devices consisted
of a central LED surrounded by three equally spaced LEDs with the
same specifications (Figure 4A and B) and were designed to be attached
to the cardiac apex (Figure 4C and D) because of its favourable epicardial
surface to ventricular mass ratio and central location in relation to both
ventricles and septum. In addition, the apex might be an interesting target
for optogenetic VT termination since there is evidence that it attracts
scroll waves (i.e. re-entrant activity sustaining the arrhythmia) because of
its geometrical curvature combined with high levels of anisotropy.'
Sustained depolarization of the apex might therefore result in highly ef-
fective optogenetic VT termination by scroll wave filament destabiliza-
tion and extinction.

To evaluate the thermal responses of the 567 and 617 nm LED devi-
ces when activated for three consecutive 500 ms light pulses with a 500
ms interval, temperature measurements were performed ex vivo in an in-
cubator set at 37°C. The maximum temperature of the devices,

€202 1SNBNYy | UO Jasn QNN / USpIaT JIeNSISAIUN AQ 8G602E9/E6Z2/04/81 |/9I0ILE/SIOSEAOIPIED/WOD N0 DIWapEedE//:SdnY Wolj papeojumoq


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab294#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab294#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab294#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab294#supplementary-data

Optical cardioversion in the diseased heart 2297

ReaChR plateau current

* TAC
-~ Sham

C

Time to Peak D Tintact E Toff

159 p=09715 307 p=0.4318 1509 p=06283

TAC Sham

44 p=0.9479

=T W——r—r
TAC Sham TAC Sham
H I Vrest J Vplateau
204 p = 0.8654

| ] p=o03164 20

n_
V E
\ plateau 204

mV

50 mv

| Vet

TAC Sham TAC Sham

Figure 2 Electrophysiological characterization of ReaChR photocurrents and membrane response in ventricular cardiomyocytes derived from TAC and
sham-operated animals.

In all voltage- and current-clamp experiments, ReaChR was activated by 470-nm light (1, 10 mW/mm?). (A) Representative whole-cell voltage clamp recording
of ReaChR photocurrents from an isolated TAC cardiomyocyte. The membrane potential was clamped at -90 mV. o, maximal current amplitude, liateas: CUr-
rent amplitude at the end of the illumination period, time-to-peak: the length of the time interval between the beginning of illumination and the appearance of
Ipeakr Tinact: half-decay time of current decay from loeax tO liateaw Tofi: half-decay time of current decay from Iyateay to zero current. (B) ReaChR yjaea, amplitudes
observed at a range of holding potentials between -110 and 50 mV. (C) Time-to-peak values of ReaChR current representing activation kinetics of ReaChR. (D)
Tinact Values of ReaChR current representing ReaChR inactivation kinetics. (E) Tof time constant representing ReaChR closing kinetics. (F and G) ReaChR Ipe (F)
and lyiateas (G) amplitudes measured at -90 mV holding potentials. (H) Representative membrane potential response to 470 nm illumination (blue bar) recorded
under current-clamp conditions in a cardiomyocyte isolated from a TAC animal. (/) Resting membrane potentials (V,.s;) observed before illumination. (f) Plateau
potentials (Vpiateau) Measured at the end of the 1 s light pulse. Each dot represents the results of an individual cell. For (C-H), n=8 cells from four hearts in the
TAC group and n =7 cells from two hearts in the sham group. For (/) and (), n =7 cells from four hearts in the TAC group and n =5 cells from two hearts in the
sham group. Numerical data are represented as mean £ SEM, all P-values were calculated by the Student’s t-test.

measured on the ventricle-facing surface directly above the PDMS- :  41.1+0.2°C for 567 nm (15 mW/mm?) and 38.1+0.1°C for 617 nm
insulated LED chip, was 36.8°C (range 36.7-37.0°C) before illumination : (10 mW/mm?) light after the third light pulse (Supplementary material
and briefly peaked to an average absolute maximum temperature of :  online, Figure S3A and B). For the 567 nm LED device, the measured time
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Figure 3 Whole-cell patch clamp and sharp electrode measurements of ReaChR photocurrents and membrane potential responses, and computational

light penetration simulations at different excitation wavelengths.

(A and B) Relative ReaChR /,ea (A) and [iateau (B) amplitudes measured at -90 mV holding potentials upon illumination with 567 or 617 nm light compared
t0 470 nm light as the index (500 ms, 1 mW/mm?). Each dot represents the paired results of an individual cell (=6 cells from four hearts). For the light pulses
of 470 nm, the single dots represent averaged values. (C) ReaChR plateau potentials (Vpiateau) Mmeasured at the end of a 500 ms light pulse (1 mW/ mm?) for
470, 567, and 617 nm light. Each dot represents the results of an individual cell (n=6 cells from four hearts). (D) Representative sharp electrode measure-
ments of a ReaChR-expressing ventricular tissue sample from a TAC rat showing sustained depolarization illumination for 500 ms with blue (A=470 nm),
lime (A=567 nm), or red (A=617 nm) light of various intensities. All recordings are from the same ventricular spot. (E) Computational simulations of propa-

gation of 470, 567, and 617 nm light through rat myocardium.

between 40.0 and 41.1°C was <2s (Supplementary material online,
Figure S3A). Importantly, as a safety assessment, optical voltage record-
ings of the apex after repetitive LED activation in vivo and ex vivo demon-
strated wave front propagation over the entire surface of the apex
without regional conduction disturbances, which indicates that attach-
ment and frequent activation of the LED device did not lead to detect-
able sustained electrophysiological disturbances (Figure 4E). This finding
is in line with the concept of CEM43 (i.e. cumulative equivalent minutes
at 43°C), a standardized thermal dose concept that assesses the impact
of different transient heat exposure scenarios on the viability of tissue
and cells.’® In the context of cardiac ablation therapy, it has been pro-
posed that that the critical CEM43 for myocardium is 128 min,'” well
above the CEM43 of <0.1 min in this study.

3.4 Optogenetic VT termination of the
remodelled heart by the LED implant ex
vivo

Each LED device was first evaluated ex vivo in isolated TAC hearts us-
ing a Langendorff apparatus. After induction of sustained (>10s) VTs

by electrical burst pacing, the LED device was activated for 500 ms up
to three times (interval of 500ms) with the LED at the tip of the apex
or with all four LEDs covering 1.9 and 7.6 mm? of the apical epicar-
dium, respectively. VT termination was feasible with light pulses of
567 and 617nm (Figure 5A-C) in all TAC hearts tested (n=6).
Optogenetic VT termination efficacy after three consecutive 500 ms
light pulses (5 mW/mm?) with the center LED only was 76.7% (SEM
12%) and 60% (SEM 14.6%) using light of 567 and 617 nm, respec-
tively. When all four LEDs were activated, optogenetic VT termina-
tion increased to 100% (SEM 0%) for 567 nm and 93.3% (SEM 4.2%)
for 617 nm light. VT termination rates in TAC hearts expressing
Citrine instead of ReaChR, after three consecutive light pulses with
all LEDs activated, were 5% (SEM 5%) and 5% (SEM 5%) for 567 and
617 nm light (n =4), respectively.

In accordance with the data obtained by sharp electrode measure-
ments, the apex of ReaChR-expressing TAC hearts was rendered re-
fractory upon illumination as demonstrated by a complete loss of
capture in response to apical electrical pacing during the entire pe-
riod of illumination (1000ms, 5 mW/mm?) with light of 567 or
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Figure 4 Overview of the apex cup device.

(A) Schematic drawing and (B) exploded schematic view of the LED
assembly. The centrally localized LED chip at the base of the assem-
bly can be activated independently of the other three LEDs. (C and
D) Images of the LED device mounted to the apex of a Langendorft-
perfused TAC heart. Firm fixation of the LED device was ensured
with tissue adhesive. (E) Typical activation (middle panel) and action
potential duration at 80% repolarization (APDgg, right panel) maps
of the apex during sinus rhythm of a ReaChR-expressing TAC heart
after it was subjected to repeated LED device activation during
in vivo and ex vivo experiments with all LEDs activated for both 567
nm light (15 mW/mm?) and 617 nm light (10 mW/mm?). Recordings
were made following LED device removal and with the camera
pointed at the tip of the apex (left panel). The activation map dem-
onstrated rapid and regular activation of the epicardial apical sur-
face. The decrease in isochronal line spacing at the edges is due to
the curvature of the apex. The APDgy map demonstrates a homoge-
nous APD of 60—70 ms.

617 nm (n=4) (Figure 5D). As expected, the same illumination condi-
tions did not block apical electrical pacing in Citrine-expressing TAC
hearts (n=4) (Figure 5E).

3.5 Optogenetic VT termination of the
remodelled heart by the LED implant

in vivo

Next, we evaluated the feasibility and efficacy of optogenetic VT termina-
tion by the LED implant in vivo. After introduction via the left 6th intercos-
tal space, the LED device was implanted at the apex of anaesthetized and
mechanically ventilated TAC rats (Figure 6A). Although the thoracic wall
could be completely closed with a fully functional LED device in situ (Figure
6A and B), the optogenetic VT termination experiments were performed
with an open incision to facilitate convenient VT induction by programmed
electrical stimulation. Following induction of sustained VTs, termination
could be realized by one, two, and three 500 ms pulses (Figure 6C—F and
Supplementary material online, Figure S4A). The mean successful optoge-
netic VT termination rate after three consecutive 500 ms light pulses
(567 nm: 15 mW/mm? 617 nm: 10 mW/mm?) was 95% (SEM 5%) for 567
nm light (corresponding to 20 VT episodes in four ReaChR-expressing
TAC rats) and 86.7% (SEM 6.7%) for 617 nm light (corresponding to 15
VT episodes in three ReaChR-expressing TAC rats). In Citrine-expressing
TAC rats, very few VT episodes terminated under the same illumination
conditions (Figure 6E and Supplementary material online, Figure S4B),
resulting in termination rates of 15% (SEM 5%) (P=0.015) and 13.3%
(SEM 6.7%) (P=0.043) for light of 567 and 617 nm, respectively (Figure
6F). The average RR interval 2 s before VT induction and 2 s after VT ter-
mination showed no statistically significant differences for 567 nm
(0252 £0.046 vs. 0.260£0.041s, n=18 individual measurements from
four rats; P=10.240) or 617 nm light (0.208 £0.017 vs. 0.211 £ 0.022s,
n = 13 individual measurements from three rats; p = 0.514) (Figure 6G), i.e.
normal rhythm was instantly restored following optical cardioversion.

4. Discussion

Our results demonstrate successful optogenetic VT termination in the
structurally and electrically remodelled rat heart in vivo by apical illumina-
tion using an implanted light source. These results are an important step
forward in the clinical development of cardiac optogenetics for ventricular
arrhythmia management since the large majority of VT patients exhibit
structural heart disease and in situ light delivery is an absolute prerequisite
for clinical implementation. Previous studies have reported successful
optogenetic termination of pharmacologically induced ventricular arrhyth-
mias in explanted, Langendorff-perfused hearts from healthy
rodents.”"""2"8 In order to mimic structural heart disease characteristics
of VT patients, a TAC model was used to induce LV hypertrophy, myocar-
dial fibrosis, reduced cardiac function, and ventricular conduction abnor-
malities;** factors that predispose the heart to potentially life-threating
arrhythmias. Importantly, we now show that these TAC-induced patho-
logical changes do not impair the transmembrane currents and plateau
potentials of ventricular cardiomyocytes and ventricular tissue upon opto-
genetic modification and subsequent illumination. This substantiated that
the prominent anti-arrhythmic mode-of-action of cardiac optogenetics,
namely depolarizing photocurrent-induced inhibition of excitation,
remains effective under such conditions as demonstrated in our whole
heart experiments. In recent studies, Cheng et al*' found that optogenetic
termination of VTs is also feasible during acute ischaemia and chemically
induced fibrosis after AAVV-mediated channelrhodopsin gene transfer to
the hearts of healthy juvenile rats and channelrhodopsin activation by an
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Figure 5 Optogenetic termination of VTs by apical ex vivo illumination of TAC hearts with the LED device.

(Aand B) Intracardiac ECG demonstrating successful termination of VTs with a single 567 nm (A) or 617 nm (B) light pulse (500 ms; 5 mW/mm?; coloured boxes).
(©) Quantification of optogenetic termination efficacy averaged per ReaChR-expressing heart (n=6 animals, five individual measurements per animal) or Citrine-
expressing heart (n=4 animals, five individual measurements per animal) by the LED device following activation of only the centrally located LED (C) or all four
LEDs (A) for up to three consecutive light pulses (500 ms with a 500 ms cycle length, 5 mW/mm?). Each dot represents the average of five individual measure-
ments in one rat. Error bars represent SEM. (D) Representative intracardiac ECG recording of a ReaChR-expressing TAC heart demonstrating 5 Hz apical pacing
before, during, and after apical illumination by the 567 nm LED device with all four LED chips activated for 1000 ms (irradiance: 5 mW/mm?). The sensing elec-
trode was attached to the LV free wall. Complete loss of ventricular capture during the entire duration of illumination was observed for all ReaChR-expressing
TAC animals (n=4) as only pacing artefacts are observed. (E) Ventricular capture was not affected by illumination of Citrine-expressing control hearts (n=4).

external blue light source.?? The use of custom-made implantable light
sources emitting red-shifted light allowed us to demonstrate and ex-
plain that optical VT termination is feasible in blood-perfused, chroni-
cally remodelled hearts in vivo. Furthermore, the finding that VT
termination can be achieved by illumination of a relatively small area
is promising from a clinical perspective.

While this study demonstrated that illumination of larger surface areas
increased VT termination rates, it is remarkable that epicardial illumina-
tion of ~2 mm? of the cardiac apex still resulted in VT termination in
most cases. Interestingly, computational studies have suggested that spi-
ral waves driving arrhythmias are more likely to approach the apex of
the ventricle rather than the base due to the apex’s elliptic shape and
high degree of anisotropy."® One of the possible underlying mechanisms
of local optogenetic VT cardioversion, as demonstrated in this study,
might therefore be based on forcing the spiral wave away from the apex
towards myocardial regions that favour critical wavefront collisions and
subsequent arrhythmia termination. Future dedicated studies are needed

to explore this finding in detail as it could lead to more refined optical
termination protocols and perhaps a better understanding of anti-
arrhythmic mechanisms in general.

Since myocardial light penetration is wavelength-dependent and para-
mount for effective optogenetic VT termination, we have studied the
electrophysiological responses of ReaChR-expressing cells by whole-cell
patch clamp experiments and also by sharp electrode measurements on
myocardial tissue from TAC hearts. These experiments were comple-
mented with in silico studies to simulate light penetration in the rat ven-
tricular wall using a Monte Carlo-based method. The findings of these
studies are in agreement with the computational modelling experiments
of Karathanos et al.>* showing that optogenetic defibrillation of the hu-
man heart was feasible only when red excitation light was used.

Now that the field of optogenetics is maturing into a potential candi-
date for next generation therapeutics, considerable progress is being
made in the development of (i) channelrhodopsins with improved char-
acteristics and (ii) deep in vivo light delivery. Such progress includes the

€202 1SNBNYy | UO Jasn QNN / USpIaT JIeNSISAIUN AQ 8G602E9/E6Z2/04/81 |/9I0ILE/SIOSEAOIPIED/WOD N0 DIWapEedE//:SdnY Wolj papeojumoq



Optical cardioversion in the diseased heart 2301

250 mV

WWWW

w 1}'.-'1*‘"4"~“.-'!||"|\ ”MW|h,!'nﬂ~.|,Ja.J'\l.WIFﬁ\,I'iIJT\W

* *
3 ns ns
100 o©o90o0O o =3 3rd attempt 400 _ s
=3 2nd attempt g .
F 801 |+ = st attempt z 300
c E Hi - o
o 60 o
= o 2004 .
8 c
£ 40 £
E =
o 100+
204 ooo oo
| B =1 ol AL L1 11
ReaChR Citrine ReaChR Citrine RR RR RR RR
nm 567 567 617 617 before after before after

nm 567 617

Figure 6 Optogenetic termination of VTs by apical in vivo illumination of TAC hearts with the LED device.

(A) Picture of LED device implanted at the ventricular apex before and after surgical closure of the thoracic wall, muscle layers, and skin. (B) Typical body sur-
face ECG trace showing optical ventricular pacing by the apically implanted LED device with 567 nm light pulses (10 ms; 1 mW/mm?) under closed-chest
conditions. Scale bar represents 1 s. (C and D) Representative body surface ECG traces showing successful optogenetic termination of VTs by one (C) or
two (D) consecutive 500 ms light pulses (interval: 500 ms) delivered by the 567 nm LED device with all four LEDs activated (irradiance: 15 mW/mm?; col-
oured boxes). (E) Typical body surface ECG trace showing failure to terminate a VT in a Citrine-expressing control rat by three consecutive light pulses
[identical illumination protocol as in (C) and (D)]. Inserts highlight ECG recordings during illumination. (F) Quantification of optogenetic VT termination effi-
cacy in vivo averaged per ReaChR- or Citrine-expressing TAC rat (n=4 animals for 567 nm light, n=3 animals for 617 nm light) following activation of all four
LEDs by up to three consecutive light pulses (500 ms with a 500 ms cycle length). Irradiance was 15 mW/mm? for 567 nm light and 10 mW/mm? for 617 nm
light. A total of five individual termination attempts were performed per animal. Each dot represents the averaged termination rate of a single animal. Error
bars represent SEM. *P <0.05 using the Mann—-Whitney U test. (G) Graph showing the average RR intervals of the last 2 s before VT induction and the first 2
s after optogenetic VT termination with 567 and 617 nm light pulses. Each dot represents one individual measurement, n =18 measurements from four rats
for 567 nm and n=13 measurements from three rats for 617 nm. Data are means. ns, non-significant using the paired t-test.

development of channelrhodopsins with enhanced light sensitivity and

injectable nanoparticles emitting blue light after excitation with tissue-

24-26

penetrating near-infrared light, which allows optogenetic activation

of tissue with large dimensions, e.g. the human-sized heart. In addition, a

recent computational study by Hussaini et al*’ demonstrated spiral
wave termination in optogenetically modified cardiac tissue by so-called
sub-threshold illumination, i.e. by using light intensities too low to evoke
an action potential. This finding suggests that smart energy-saving
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illumination protocols may suffice to optogenetically terminate cardiac
arrhythmic activity under certain conditions. Future in vivo studies should
reveal which combination of channelrhodopsin, light source and illumina-
tion strategy is best suited for termination of a particular type of arrhyth-
mia in a particular pathological substrate. The outcome of such studies
could contribute to the design and application of fully implantable opto-
electronic devices in favour of optimal efficacy and safety.

In terms of safety, we have measured a maximum temperature at the
surface of the LED device of ~41°C upon consecutive LED activation
during thermal response experiments. This value can be considered
harmless especially given the very short exposure to this peak tempera-
ture. It is important to note that this temperature was measured without
the heart attached. Under in vivo conditions, the blood-perfused myocar-
dium would act as a biological heatsink, thereby lowering the peak tem-
perature of the LED device. Moreover, optical mapping and sharp
electrode experiments of the cardiac apex showed that frequent and re-
petitive LED exposure during in vivo and ex vivo experiments did not cause
significant abnormalities in wave propagation and electrical excitability. If
needed, safety can be further improved by changing the design and mate-
rials of the cardiac light sources to reduce the thermal response, which
should ideally be explored in future studies in large animal models.

The development of shock-free anti-arrhythmic device treatment for
VTs is a much sought-after goal in cardiovascular research and therapy.
In the USA alone, a large and growing number of ICDs are implanted an-
nually to protect patients from potentially life-threatening VTs. While
these devices have shown to improve survival in different subsets of
patients, they are also known to cause long-lasting adverse effects on
quality of life among those who have experienced shocks, especially
when delivered inappropriately.® Shock-free cardioversion of VTs, as po-
tentially provided by cardiac optogenetics, may overcome the adverse
effects of conventional ICDs as it would render the use of electric shocks
for VT termination obsolete. This could not only increase the quality of
life of ICD patients, but potentially even improve the prognosis as ICD
shocks can cause direct myocardial injury.28

Several important steps have to be taken before optogenetic cardio-
version therapy for VTs can be clinically studied. In essence, two impor-
tant components need to be in place in order to enable optogenetic
arrhythmia termination, namely (i) sufficiently high and widespread ex-
pression of opsins in the myocardium and (ii) activation of these opsins
by adequate cardiac light delivery. While widespread cardiac transgene
expression in large animal studies and human clinical trials is difficult to
achieve, robust local transgene expression could be obtained by gene
delivery methods, such as epicardial gene painting or by intramyocardial
injections.?”® For example, in this study, ReaChR was expressed
throughout the heart due to the systemic administration of AAVVs,
however only a small portion of the heart was illuminated by the
implanted LED device. This important finding suggests that merely tar-
geting the cardiac apex, e.g. by multiple intramyocardial injections,’’
might be sufficient to create the optogenetic substrate that is needed for
shock-free cardioversion. Local illumination of the cardiac apex may be
realized by ultrathin, biocompatible, and flexible LED-sheets*>*? inserted
via minimal invasive thoracic surgery or by percutaneous light fibre im-
plantation into the myocardium.>* The latter approach has the advantage
that all light is directly delivered to the myocardial wall, thereby maximiz-
ing illumination efficiency. In addition, when inserted mid-myocardially,
the maximum distance between the light source and the opposite myo-
cardial boundaries is minimized resulting in maximal light exposure of
the ventricular wall. Future studies in larger animal models should focus
on the potential short- and long-term effects of epicardial LED

implantation, especially on mechanical function. Possible impairment of
contractile activity could be overcome by the development of devices
specifically designed for cardiac optogenetic purposes that take cardiac
mechanical properties into account.>>%>3¢ For these thin, stretchable,
and biocompatible devices, the best suited anatomical site for implanta-
tion within the thorax should be identified through rigorous investigation
focusing on the optimal efficacy and safety of this intervention.

In our study, the cardiac substrate for VT was a hypertrophic cardiomy-
opathy model exhibiting signs of structural and electrical remodelling.
Although this model has been a solid starting point for evaluating optoge-
netic VT termination in the remodelled heart by an implantable LED de-
vice and local optogenetic targeting, from a translational perspective, it
will be important to evaluate the applicability of this approach in other car-
diac diseases as well, for example by applying (i) models of acute ischae-
mia, (ii) chronic infarction models with scar formation, and (i) heart
failure models not based on chronic pressure overload caused by TAC.
Furthermore, since the computational light penetration simulations in our
study did not take account for the (small) light sensitivity differences of
ReaChR per wavelength, future studies are needed to determine the car-
diac mass that is effectively excited upon optogenetic illumination by
different-coloured light and how this relates to efficacy of optogenetic VT
termination. In addition, since this study made use of male animals, future
studies should also include female animals in order to investigate potential
gender differences.

In summary, although more translational studies are required, our
findings do provide important new insights into the translational poten-
tial of pain-free cardioversion therapy by optogenetics. This was done by
demonstrating this approach in a pathologically relevant in vivo model of
VT through implant-based local red-shifted light delivery.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Ventricular tachyarrhythmias (VTs) often require delivery of electric shocks for acute restoration of sinus rhythm. These high-voltage shocks are,
however, not only causing depression and tissue damage, but may also be delivered inappropriately. A fully shock-free approach can be realized via
optogenetics by allowing optical cardioversion. This study adds to the perspective of optical rhythm restoration by addressing various key transla-
tional aspects of this novel strategy to reveal that apical illumination of the pathologically remodelled heart in vivo, by a custom-made implanted
multi-LED device, results in robust and safe VT termination in the intact adult rat upon cardiac optogenetic modification.
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