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One major goal in current biomedical
research is to understand how molecular
and cellular activities interrelate to shape
tissue, organ and ultimately whole-body
function. By combining the spatiotem-
poral precision of optical technologies
with the specificity of modern genet-
ics, optogenetics provides a unique ap-
proach to functionally dissect biological
processes across multiple scales.

In optogenetics, photoreceptor pro-
teins—often originating from simple or-
ganisms such as halobacteria, unicellular
algae or marine jellyfish—are introduced
to the cells of interest to optically monitor
or modulate cellular behaviour (B Fig. 1).
To do so, the protein-encoding genes
are cloned into engineered DNA vectors
thatensure target cell-specific expression,
usually using suitable DNA promoters.
A number of techniques have been de-
veloped to deliver the DNA vectors into
the target cells, including electropora-
tion of cells, liposome-mediated trans-
fection and viral gene delivery. Finally,
genetically modified cells can be optically
stimulated, e. g. short light pulses can be
applied to elicit action potential firing in
neurons or myocytes that express light-
gated depolarizingion channels. Accord-
ing to the wider definition of optogenetics
formulated by Gero Miesenbdck in 2009
[1], the optogenetic toolbox encompasses
actuator proteins such as light-activated
ion transporters and photoactivated en-
zymes that are used to control cellular
activity withlight, and light-emitting sen-
sor proteins allowing to optically report
cellular states such as intracellular Ca**
levels, pH and transmembrane voltage

[1].
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This short review provides a general
introduction to the optogenetic method-
ology and gives selected examples of car-
diac applications, both for basic research
and with potential clinical relevance.

Brief history of optogenetics

First optogenetic experiments date back
to 1988, when Khorana et al. [2] used
a photoreceptor protein, bovine vi-
sual rhodopsin, to activate inward-di-
rected (depolarizing) currents in Xeno-
pus oocytes upon blue-light activation.
Following a similar strategy, Zemelman
et al. [3] established an optogenetic sys-
tem to depolarize cultured hippocampal
neurons by co-expression of Drosophila
rhodopsin with two interacting proteins.
The breakthrough of optogenetics as
a technique coincided with the discov-
ery of channelrhodopsins (ChRs) [4,
5], light-gated ion channels serving as
primary photoreceptor proteins in green
algae. In cation-selective ChRs, light
absorption by the cofactor all-trans reti-
nal—a derivative of vitamin A—causes
conformational changes within the pro-
tein that lead to a transient opening of
the channel, allowing trans-membrane
flux of H*, Na* and Ca?* [6]. Based on
these light-activated currents, ChRs can
be used to depolarize cells of interest,
which was soon applied to optically
trigger action potentials in neurons [7].
The optogenetic toolbox has since been
extended by light-driven chloride and
proton pumps [8, 9], which allow op-
tical inhibition of neuronal activity by
hyperpolarization, and by anion ChRs
[10, 11], which shunt the membrane
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potential to the reversal potential for Cl-
(B Fig. 2a).

In parallel to the development of op-
togenetic actuators, fluorescent reporter
proteins sensitive to intra- and extracel-
lular parameters such as pH, ion concen-
trations and membrane voltage have been
generated (@ Fig. 2b; [12-14]). These al-
low for cell-type specific interrogation
of cellular states in complex biological
tissue such as the brain and the heart,
which had not been feasible using clas-
sical dye-based imaging or electrophys-
iological recordings.

Optogenetics at heart

The optogenetic paradigm was first
transferred to cardiac research about ten
years ago. In 2010, Bruegmann et al.
[15] reported a transgenic mouse model
expressing channelrhodopsin-2 (ChR2)
in the heart. In these mice, blue-light
pulses triggered action potentials in car-
diac myocytes, allowing the heart to be
paced by illuminating the right atrium,
the ventricles or the septum. In the same
year, Arrenberg et al. [16] generated ze-
brafish models expressing either ChR2 or
the light-driven chloride pump NpHR in
cardiomyocytes, so that the hearts could
be optically paced or transiently arrested
with blue and orange light, respectively.
Local illumination patterns generated
with a digital micro-mirror device were
used to identify the pacemaker region
at different developmental stages and to
induce atrioventricular (AV) block. This
study exemplifies how the full potential of
optogenetics can only be exploited when
combining spatially defined illumination
patterns with fast high-resolution imag-
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Fig. 1 A Optogenetic principle.Photoreceptors and fluorescent proteins often occur in simple organisms such as halobac-
teria (e. g. bacteriorhodopsin and the chloride pump NpHR), motile green algae (e.g. channelrhodopsin-2, ChR2) or jellyfish
(e. g. green fluorescent protein, GFP). For heterologous expression, the respective protein-encoding genes are cloned into
DNA vectors with cell-type specific promoter sequences. These DNA vectors can be delivered to the target cells using engi-
neered DNA virusesas shuttles. Genetically modified cells can be stimulated with light. Forexample, ChR2 expressedin murine
cardiomyocytes (see picture of fluorescently labelled ChR2 in an isolated myocyte) mediates depolarizing photocurrents fol-
lowing blue-light stimulation, as can be seen in whole-cell patch clamp recordings. These photocurrents reliably trigger ac-
tion potentials. GCaMP genetically encoded calcium indicator based on GFP, calmodulin and the interacting M13 peptide;
NpHR halorhodopsin from Natronomonas pharaonis; VSFP voltage-sensitive fluorescent protein

ing techniques, for example by using
selective plane illumination microscopy
(SPIM), also referred to as light sheet
microscopy [16].

Similar to neurosciences, fluorescent
reporter proteins have been applied to
follow Ca?* and voltage dynamics in car-
diac cells, and also to visualize changes
in second messenger concentrations and
enzyme activity. Tallini et al. [17] cre-
ated a mouse model conditionally ex-
pressing the genetically encoded Ca?* in-
dicator GCaMP2 in cardiomyocytes, al-
lowing Ca®* transients to be measured
from different heart regions in vivo. Ad-
ditionally, embryonic development of the
AV node was followed by imaging Ca?*
waves in open-chested embryos. This al-
lowed functional identification of an AV
canal with considerably slowed conduc-
tion that transiently appeared between
days 10 and 13.5 of mouse embryonic
development. In a more recent study,
Shangetal. [18] used the fast Ca** indica-
tor GaMPé6f, targeted to the dyadic space
(here: the nanoscopic volume of cytosol
between the plasma membrane/t-tubular
membrane and the sarcoplasmic reticu-
lum), to image nano-domain Ca** sparks
in isolated cardiomyocytes from rat. In
addition to Ca** waves, membrane volt-

age can be imaged using voltage-sensitive
fluorescent proteins (VSFEPs) including
the FRET sensor VSFP2.3. Expressing
VSFP2.3 under control of the myocyte-
specific a-myosin heavy chain promoter,
cardiac myocyte-specific voltage dynam-
ics were recorded at high spatial resolu-
tion, both ex vivo (Langendorft-perfused
hearts) and in vivo (using a fibre optic
system for light and camera coupling)
[19]. In addition to Ca?* and voltage sen-
sors, fluorescent reporter proteins sensi-
tive to protein kinase A activity and cellu-
lar cAMP/cGMP levels have been devel-
oped and applied to disentangle subcellu-
lar signalling cascades in cardiomyocytes
[20-22]. Up to now, most cardiac optoge-
netic studies have focussed on technical
development of probes, gene deliveryand
instrumentation, and we await applica-
tion of these tools to answer questions
in basic cardiac research in the very near
future.

Optogenetics to study
heterocellular coupling

Optogenetics is a powerful technique for
deciphering cell-type specific behaviour,
either by local illumination of the cells
of interest, or by use of promoter sys-
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tems that drive gene expression of ac-
tuators and sensors in the target cells
only. In this regard, optogenetic ap-
proaches are useful to analyse hetero-
cellular interactions in the heart, which
have been suggested to be of impor-
tance for cardiac function, but are dif-
ficult to investigate with conventional
cell-type unspecific techniques such as
microelectrode-based electrophysiology
recordings or dye-based optical mapping
of membrane voltage. In the first study
to tackle myocyte-nonmyocyte coupling
using optogenetics in cardiac tissue in
situ, Quinn et al. [23] specifically ex-
pressed the voltage sensor VSFP2.3in car-
diac nonmyocytes. Using optical voltage
mapping, they found action-potential-
like membrane depolarization in non-
myocytes of scar border tissue, indicat-
ing electrotonic coupling of these non-
myocytes to myocytes on a beat-to-beat
basis. Using the same targeting strat-
egy, which had worked to specifically
express VSFP in nonmyocytes only, re-
sulted in unspecific ChR2 expression in
both myocytes and nonmyocytes [24].
However, ChR2 has been successfully ex-
pressed specifically in cardiac resident
macrophages. Interestingly, activating
a light-gated channel in macrophages fa-
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cilitated AV conduction, supporting the
idea that resident macrophages can also
be electrically coupled to myocytes via
gap junctions [25]. These experiments
highlight that nonexcitable cell popula-
tions can impact cardiac electrophysi-
ology by functionally coupling to my-
ocytes. Whereas such coupling was pro-
posed decades ago [26], cell-type specific
optogenetic interrogations now support
quantitative investigations into hetero-
cellular electrotonic coupling, and its rel-
evance for cardiac function in the intact
organ.

Cardiac applications with
potential clinical relevance

Pioneering cardiac optogenetic experi-
ments demonstrated ChR2-mediated op-
tical pacing [15, 16]. Light-activated pac-
ing differs from external electrical stimu-
lation, used in classic pacemakers, in two
keypoints. (1) Optical pacing canbe con-
fined to pacemaker cells only, minimizing
side effects caused by electrical stimula-
tion of neighbouring myocardium and
nonexcitable cells. This would require
ChR expression targeted to pacemaker
cells, e. g. using adeno-associated viruses
in combination with a specific promoter
for transcriptional activation, such as the
HCN4 promoter. (2) ChR2-mediated
pacing uses the electrochemical gradient
generated by the cells—i. e. the intrinsic
battery of pacemaker cells—and the de-
polarizing ChR current triggers opening
of endogenous voltage-gated Ca?* chan-
nels (and cell-type dependent also Na*
channels) resulting in action potential
generation. As a result, optical pacing
may offer an alternative for rhythm con-
trol with high specificity and low external
energy demand.

ChR activation has recently been used
to terminate ventricular arrhythmias
[27-29]. Using different ChR variants
(blue-light activated ChR2 or a ChR
variant with red-shifted absorption,
ReaChR) and different spatiotemporal
illumination patterns (1 ms to 1s light
pulses; local, patterned or global ven-
tricular light stimulation), these studies
concluded that optical depolarization is
very effective for arrhythmia termina-
tion in mouse and rat hearts. Notably,
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Abstract

Optogenetics is an emerging, interdisciplinary
research area which combines genetic and
optical technologies to steer and monitor
specific biological processes. To this end, light-
activated proteins, so-called optogenetic
actuators, or fluorescent sensor proteins

are genetically targeted to the cells of
interest. Light activation can then be used to
modulate or record cellular behaviour with
high spatiotemporal precision. In cardiac
research, optogenetic approaches have been
used to unravel heterocellular electrotonic
interactions, both in vitro and in situ.
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Pioneering optogenetic studies with potential
relevance for clinical electrophysiology
include light-controlled pacing experiments
and optical defibrillation studies. However,
despite successful implementation in mouse
models, clinical applications are not feasible
to date; these will require major advances in
gene therapy and in optical techniques.
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Zusammenfassung

Optogenetik ist ein junges, interdisziplinares
Forschungsgebiet, in dem genetische und
optische Methoden kombiniert werden, um
biologische Prozesse gezielt zu steuern oder
zu beobachten. Dafiir werden lichtaktivierte
Proteine, sog. optogenetische Aktuatoren,
oder fluoreszierende Sensorproteine
spezifisch in Zellen eines bestimmten

Typs eingebracht. Die Beleuchtung der
Zielzellen erlaubt es dann, deren Verhalten zu
modulieren oder Verdnderungen zelluldrer
Parameter optisch zu verfolgen, und

zwar mit hoher zeitlicher und rdumlicher
Auflosung. In der Herzforschung wurden
optogenetische Ansdtze bereits angewendet,
um die elektrischen Interaktionen zwischen
verschiedenen Zelltypen zu untersuchen,
sowohl in Zellkulturexperimenten (in vitro)
als auch in intakten Herzpraparationen (in

Die Starke der Optogenetik. Moglichkeiten fiir die experimentelle
und klinische kardiale Elektrophysiologie

situ). Erste optogenetische Experimente

mit potenzieller Relevanz fiir die klinische
Elektrophysiologie beschéftigten sich

mit lichtkontrollierten Schrittmachern
sowie optischen Defibrillatoren. Trotz
erfolgreicher Umsetzung dieser Konzepte in
Mausmodellen, ist die klinische Realisierung
optogenetischer Therapien heute noch nicht
praktikabel und bedarf technologischer
Weiterentwicklungen in der Gentherapie
sowie im Bereich von klinisch einsetzbaren
optischen Komponenten.

Schliisselworter

Lichtaktivierte Proteine - Kanalrhodop-
sine - Heterozelluldre elektrotonische
Wechselwirkungen - Schrittmacher -
Defibrillator

computational modelling predicts that
light-mediated depolarization can termi-
nate human infarct-related ventricular
tachycardia; however, this would require
a red-light activatable ChR to ensure
transmural depolarization (red light can
penetrate deeper into cardiac tissue due
to reduced absorption and scattering)
[27]. In future, optogenetic arrhythmia
termination might offer a pain-free alter-
native to electrical defibrillators applying
unspecific, high-energy electric shocks.
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Beyond optical pacing and defibrilla-
tion, optogenetic actuators and fluores-
cent sensors have been applied to anal-
yse the electrophysiological characteris-
tics of patient-derived cells and their spe-
cific drug responses [30-32]. To do so,
primary cardiomyocytes or human stem
cell derived cardiomyocytes were virally
transduced to express spectrally sepa-
rated ChRs, Ca?* and voltage reporter
proteins. This enabled all-optical, con-
tactless screening of small molecules to
evaluate their effect on patient-specific


https://doi.org/10.1007/s00399\penalty \@M -\hskip \z@skip 017\penalty \@M -\hskip \z@skip 0545\penalty \@M -\hskip \z@skip 8

microbial
proton pumps

halorhodopsin channelrhodopsin

7_7ArchT

H+

H+ Na+, Ca2+ cl”

hyperpolarization hyperpolarization depolarization

anion-selective
channelrhodopsins

ChloC

=, ACRs

cytosol

extracellular
side

shunting to Cl-

a reversal potential

fluorescent
voltage sensors

Ca2t indicators

GCaMP2,
A
GCaMP6 avs VP23
Ca2+ .
(L) [';t(';tation light
A[Ca2t] .: CaM
4 1 B2 B3

“'J:;citation light

VimnV

FRET

fluorescence ‘ ‘
v
b ‘JJJV

Fig. 2 A Overview of commonly used optogenetic probes.a Optogenetic actuators include light-activated proton and
chloride pumps that actively transport ions against the electrochemical gradient across the plasma membrane, leading to
membrane hyperpolarization. Examples include the proton-pumping archaerhodopsin from the Halorubrum strain TP009
(ArchT) and the chloride-transporting halorhodopsin from Natronomonas pharaonis (NpHR). In contrast, channelrhodopsins
(ChRs) are passive ion channels, gated by light stimulation. Cation-selective ChRs such as channelrhodopsin-2 from Chlamy-
domonas reinhardtii (ChR2) are permeable for H*, Na* and Ca%* and trigger depolarizing currents if activated in resting
cardiomyocytes. Anion-selective ChRs (e. g. the engineered chloride-conducting channelrhodopsin, ChloC, and natural
anion channelrhodopsins, ACRs) conduct ClI-, thereby shunting the membrane potential to the reversal potential for CI~.

b Optogenetic reporters include genetically encoded Ca?*indicators that are sensitive to changes in the Ca?* concentration.
In so-called GCaMPs, this is realized by a circularly permutated green fluorescent protein (cpGFP), framed by calmodulin
(CaM), and the M13 peptide. Ca®* binding to calmodulin induces binding to M13, which in turn triggers conformational
changes in the cpGFP that lead to increased green fluorescence. Fluorescent voltage sensors, on the other hand, change their
fluorescence upon changes in membrane voltage. In voltage-sensitive fluorescent proteins (VSFPs), this is realized by linking
the voltage-sensing domain of a phosphatase to a pair of fluorescent proteins.Changes in trans-membrane potential lead to
conformational changes in the voltage sensor which are propagated to the fluorescent proteins. These change their orien-
tation to one-other, resulting in an altered efficiency of Forster resonance energy transfer (FRET) between the fluorescence
donor (e. g. cyan fluorescent protein, CFP) and the acceptor (e.g. yellow fluorescent protein, YFP), and thus in a change in the
ratio of light intensities, emitted from the two fluorochromes
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action potential characteristics, paving
the way towards fast, high-throughput
drug screening to develop personalized
treatment of cardiac diseases (so-called
precision medicine).

Outlook and future challenges

During almost a decade of research, car-
diac optogenetics has proven its utility
for tackling basic questions of experi-
mental electrophysiology such as the im-
portance of heterocellular coupling for
cardiac function. Moreover, optogenet-
ics may be a method for clinical elec-
trophysiology potentially useful for pac-
ing, arrhythmia termination and patient-
specific drug testing. However, clinical
application of optogenetics still requires
major technological advances, including
the following:
== Gene delivery needs further improve-
ment to minimize the presence of
neutralizing antibodies and cellular
immune responses directed against
viral shuttles and/or the genetically
modified cells, and to ensure high
transgene expression levels in the
target cells only [33].
== Side effects of transgene expression
and photoreceptor dark activity have
to be excluded. As an example,
cardiac expression of the Ca** sensor
GCaMP has been shown to induce
hypertrophy as a result of calmodulin
motif overexpression, which could be
prevented by using an inducible gene
expression system [17].
== [n vivo optogenetics requires flexible,
biocompatible light sources. Depend-
ing on the application, light delivery
may occur via optical fibres coupled
to lasers or light-emitting diodes for
epicardial illumination, catheter-
based light guides for endocardial
illumination, or implantable micro-
processor-controlled illumination
sources [34].

Once these technical challenges can be
addressed, optical therapies may become
feasiblealternatives for heart rhythm con-
trol in patients.

Conclusion

== |n optogenetics, light-activated
proteins and fluorescent sensor
proteins are used to steer or monitor
cellular behaviour.

== Upon illumination ChRs and light-ac-
tivated ion pumps drive depolarizing
or hyperpolarizing membrane cur-
rents, thereby activating or inhibiting
cardiac activity.

== Genetically encoded fluorescent
reporters allow visualization of
voltage and Ca?* dynamics in specific
cell populations, offering tools to
study heterocellular signalling in
intact cardiac tissue.

== In future, optogenetics may be
clinically applied for rhythm control
and patient-specific drug screening.
This will require major advances in
gene delivery methods, optogenetic
probes and light sources.
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