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Abstract

The heart is a complex multicellular organ
comprising both cardiomyocytes (CM),
which make up the majority of the cardiac
volume, and non-myocytes (NM), which rep-
resent the majority of cardiac cells. CM drive
the pumping action of the heart, triggered via
rhythmic electrical activity. NM, on the other
hand, have many essential functions including
generating extracellular matrix, regulating CM
activity, and aiding in repair following injury.
NM include neurons and interstitial, immune,
and endothelial cells. Understanding the role
of specific cell types and their interactions with
one another may be key to developing new
therapies with minimal side effects to treat
cardiac disease. However, assessing cell-
type-specific behavior in situ using standard
techniques is challenging. Optogenetics
enables population-specific observation and
control, facilitating studies into the role of
specific cell types and subtypes. Optogenetic
models targeting the most important cardiac
cell types have been generated and used to

investigate non-canonical roles of those cell
populations, e.g., to better understand how
cardiac pacing occurs and to assess potential
translational possibilities of optogenetics. So
far, cardiac optogenetic studies have primarily
focused on validating models and tools in the
healthy heart. The field is now in a position
where animal models and tools should be
utilized to improve our understanding of the
complex heterocellular nature of the heart,
how this changes in disease, and from there
to enable the development of cell-specific
therapies and improved treatments.
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Abbreviations

AAV Adeno-associated viral [particles]
ACR Anion channelrhodopsins
AV Atrioventricular
ChR2 Chlamyodomonas reinhardtii channelr-

hodopsin-2
CM Cardiomyocytes
ECG Electrocardiogram
ICNS Intrinsic cardiac nervous system
NM Non-myocytes
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NpHR Natromonas pharaonis halorhodopsin
PN Parasympathetic neurons
RA Right atrial
SN Sympathetic neurons
VSFP Voltage-sensitive fluorescent protein

24.1 Introduction

The vertebrate heart is the central muscular organ
maintaining blood flow throughout an organism’s
entire lifespan. Coordinated contraction–relaxa-
tion cycles are achieved by concerted electrical
activation from the sinus node via the atria, the
atrioventricular (AV) node, and the ventricular
conduction system to the working myocardium
of the ventricles. Cardiomyocytes (CM) are the
predominant cell type driving the electromechan-
ical activity of the heart. CM form a functional
syncytium that enables depolarization-induced
activation of cellular action potentials, leading to
Ca2+-induced Ca2+ release, which in turn triggers
CM contraction. CM are not only crucial for heart
function but also occupy the majority of the heart
volume. However, they are embedded in a com-
plex and intricate network of other cells,
non-myocytes (NM), including cardiac endothe-
lial cells, fibroblasts, immune cells, and neurons.
In fact, NM are significantly more numerous than
CM in the healthy heart and the NM to CM ratio
is further increased in cardiac disease. NM have
diverse functions ranging from structural support
and regulation of CM activity to driving repair
following cardiac injury. Thus, in order to under-
stand cardiac function in health and disease, we
need to not only unravel the role of each individ-
ual cardiac cell type but also to understand how
these cell types interact with one another.

Classically, cardiac electrical activity has been
monitored with body surface electrodes, which
report overall atrial and ventricular
depolarization–repolarization cycles (the electro-
cardiogram—ECG). In basic research, ECG
recordings have been complemented by
dye-based optical mapping of membrane voltage,
providing time-resolved, near-epicardial conduc-
tion maps of isolated Langendorff-perfused

hearts. Modulation of electrical activity has been
performed via implantable electrodes, e.g., elec-
trical pacemakers for cardiac pacing and implant-
able cardioverter–defibrillators for electrical
shock–based restoration of heart rhythm (defibril-
lation). Thus, classic cardiac monitoring and
intervention tools report/modulate overall electri-
cal activity that is dominated by CM, without the
possibility to target cell-specific behavior of CM
or NM.

Cell-specific targeting is possible, however, by
combining advanced optical methods and state-
of-the-art genetic engineering. The underlying
optogenetic approaches enable manipulation
and/or monitoring of the activity of specific
cells, cell populations, or cell types. Cardiac
optogenetics thus represents an emerging method
in basic research for deciphering cell-specific
functions and heterocellular interactions in intact
myocardium, laying the foundation for future
development of cell-specific therapies to treat
cardiac diseases.

24.2 Introduction to Cardiac
Optogenetics

Eight years after the discovery of directly light-
gated ion channels in motile green algae (Nagel
et al. 2002, 2003; Sineshchekov et al. 2002;
Suzuki et al. 2003), and five years after ground-
breaking experiments using channelrhodopsins in
neurons and brain tissue (Li et al. 2005; Nagel
et al. 2005; Boyden et al. 2005; Ishizuka et al.
2006), channelrhodopsin-2 (ChR2) and
halorhodopsin from Natromonas pharaonis
(NpHR) were first applied for contact-free alter-
ation of cardiac electrophysiology by illumination
(Arrenberg et al. 2010; Bruegmann et al. 2010).
However, optogenetics includes both observation
and control of cell function with light
(Miesenböck 2009). Therefore, first cardiac
optogenetic experiments were performed as
early as in 2006, when Tallini et al. used the
genetically encoded Ca2+ sensor GCaMP2 to
measure CM Ca2+ transients in murine hearts
in vivo (Tallini et al. 2006).
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In the last decade, a handful of optogenetic
actuators and reporters have been applied to the
study of cardiac electrophysiology. Actuators
used include ChR2 and the red-shifted channelr-
hodopsin chimera ReaChR, the chloride pump
NpHR and the proton pump ArchT as well as
the more recently found anion channelrhodopsins
(ACR) (Arrenberg et al. 2010; Bruegmann et al.
2010; Govorunova et al. 2016; Nyns et al. 2017;
Kopton et al. 2018; Funken et al. 2019).
Established reporters are Ca2+ sensors of the
GCaMP family and genetically encoded voltage
sensors such as the voltage-sensitive fluorescent
protein (VSFP), which have been used to image
Ca2+ and voltage dynamics in cardiac cells and
tissue (Tallini et al. 2006, 2007; Liao et al. 2015).

Proof-of-principle optogenetic studies were
initially focused on overall cardiac function,
showing the feasibility of optical pacing, atrial
and ventricular defibrillation, as well as cardiac
resynchronization (Bruegmann et al. 2010, 2016,
2018; Nussinovitch and Gepstein 2015; Nyns
et al. 2017). Similarly, optical reporters have pri-
marily been used to study CM function, in partic-
ular examining cardiac development (Chi et al.
2008, 2010; Hou et al. 2014; Weber et al. 2017)
and, using subcellular targeting of sensors, Ca2+-
induced Ca2+ release (Lu et al. 2013; Despa et al.
2014; Ljubojevic et al. 2014; Shang et al. 2014).
Global activation of optogenetic sensors or
actuators expressed in CM thus enables testing
optogenetic approaches to study and/or steer
overall cardiac electrophysiology with light.
However, it provides limited insight into the role
of CM subpopulations or other electrophysiologi-
cally relevant cell types. This book chapter
focuses on optogenetic studies aiming to unravel
basic research questions regarding cell-type-spe-
cific functions and interactions in the vertebrate
heart in situ. We outline strategies to target differ-
ent classes of cells and how these attempts have
already widened our understanding of the
heterocellular heart (Fig. 24.1).

24.3 Targeting CM Subpopulations

24.3.1 Global Expression
and Localized Illumination

Arrenberg et al. combined global overexpression
of either NpHR or ChR2 in CM with patterned
illumination, generated with a digital micromirror
device, to identify pacemaker cells of the devel-
oping zebrafish heart, and to optically induce
cardiac rhythm disturbances such as AV block,
tachycardia, and bradycardia (Arrenberg et al.
2010). Similarly, Crocini et al. developed an opti-
cal platform capable of simultaneously mapping
and controlling the electrical activity of CM
subsets within whole murine hearts at
sub-millisecond temporal resolution (Crocini
et al. 2016). Their optical stimulation setup
consisted of a macroscope equipped with a laser
scanning system based on acousto-optic
deflectors. This platform enabled testing different
geometric patterns for light activation of ChR2,
with the aim of identifying optimal patterns of
CM depolarization to terminate ventricular reen-
trant arrhythmias. In follow-up research, the sys-
tem was further refined, allowing for closed-loop
control of cardiac electrical activity, e.g., to
restore normal conduction after AV block and to
manipulate intraventricular wavefront propaga-
tion (Scardigli et al. 2018).

Complementary to patterned illumination for
ChR activation, Weber et al. developed an imag-
ing system for cell-accurate recording of Ca2+

dynamics of the entire developing zebrafish
heart over extended time frames (here 36–52 h
postfertilization) (Weber et al. 2017). To this end,
they combined GCaMP5G expression in CM
with nucleus-targeted mCherry labeling for
identification of single cells. A custom-built
light-sheet microscope enabled fast (400 Hz)
high-resolution (0.5μm � 0.5μm � 1μm voxels)
imaging of reporter fluorescence, and post-
acquisition synchronization was used to visualize
Ca2+ transients in CM across the embryonic
myocardium.
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24.3.2 Local Virus Delivery or
Cell-Type-Specific Viral
Serotypes

An alternative strategy for spatially defined,
optogenetic activation was recently presented by
Nyns et al. (2019). ReaChR-encoding adeno-
associated viral (AAV) particles were locally
applied to the right atrial (RA) epicardium of rat
hearts (“gene painting”), resulting in efficient
transmural transduction of RA myocytes, with
minimal off-target expression in other cardiac
compartments. Accordingly, RA illumination
enabled optical pacing, as well as termination of
atrial tachyarrhythmias, while illumination of
non-RA areas did not affect heart rhythm.

Localized illumination or viral delivery allows
for activation or recording from spatially
restricted subsets of cells, but they do not neces-
sarily enable targeting of specific cell classes
within a region. With the advent of high-
throughput single-cell sequencing approaches,
the range of subtypes within each cell population
is increasingly being recognized, and the

functional relevance of each subpopulation
needs to be elucidated.

The use of viral shuttles by itself may open up
the possibility to target specific cell types, as
certain viral serotypes preferentially transduce
different cell populations (viral tropism), even
upon systemic application. For example, the
adeno-associated virus 2/9 has been shown to be
cardiotropic, and CM specificity can be further
increased by the use of a CM-specific promoter to
drive transgene expression (Pacak et al. 2006;
Bish et al. 2008; Prasad et al. 2011). In line,
Vogt et al. showed that AAV2/9-mediated sys-
temic delivery of Cop4 (coding for ChR2)
ensured efficient and stable ChR2 expression in
CM, allowing for blue-light triggered pacing of
murine hearts (Vogt et al. 2015).

24.3.3 Genetic Targeting
of Cardiomyocyte Subsets

Cell populations can be genetically targeted either
by expressing transgenes under direct control of

Global expression and localized 
illumination or imaging

Local virus delivery 
(“gene painting“)

Cell-type specific
expression

Fig. 24.1 Strategies to
optogenetically target
different cardiac cell
populations. (This figure is
based on one kindly
supplied by Professor Lutz
Hein, Freiburg)
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cell-specific promoters or using recombination
systems such as the Cre-LoxP system. The latter
approach was used by Zaglia et al. to drive ChR2
expression in CM (using α-myosin heavy chain-
Cre) or in the specialized cells of the conduction
system (using connexin-40-Cre) to probe the min-
imal cell number that needs to be simultaneously
depolarized to induce ventricular extrasystoles
(Zaglia et al. 2015). They found that focal ectopy
requires depolarization of 1300–1800 working
CM, supporting earlier computational predictions
that inhibition of the Na+/K+ ATPase in approxi-
mately 1000 atrial CM would be sufficient to
cause spontaneous ectopic beats (Winslow et al.
1993). In contrast, optogenetic depolarization of
only 90–160 Purkinje fibers was sufficient to
elicit focal ectopies in the murine ventricle. A
Cre recombinase-based mouse model was also
used by Wang et al. to elucidate the morphology
and electromechanical function of phenyletha-
nolamine N-methyltransferase (pnmt)-positive
cells, a subset of CM able to convert noradrena-
line to adrenaline, as well as their descendants
(Wang et al. 2017).

As mentioned previously, NM constitute the
majority of cardiac cells and play important roles
in preserving and regulating cardiac structure and
function—yet they were long regarded as “inert,”
in as far as cardiac electrophysiology is concerned
(acting as barriers, but not as active players). In
recent years, a steadily rising number of studies
have used optogenetic tools to target-specific NM
populations, including interstitial cells, resident
cardiac immune cells, cells forming the vascula-
ture, and, last but not least, intracardiac neurons.

24.4 Interstitial Cells and Resident
Cardiac Immune Cells

Interstitial fibroblasts not only generate the scaf-
fold of the myocardium, but have been implicated
in regulating cardiac function, both via biochemi-
cal and biophysical signaling (Gourdie et al.
2016). In vitro studies indicated direct electro-
tonic coupling between fibroblasts and CM as
early as 50 years ago (Goshima and Tonomura
1969). However, only recently have optogenetic

approaches provided direct evidence of such cou-
pling in native myocardium. By selectively
expressing VSFP in cardiac NM (using the
Wilm’s tumor protein 1-Cre driver line) Quinn
et al. observed action potential like
depolarizations in NM of ventricular scar border
zone tissue, indicating that these NM follow
rhythmic de- and repolarization of electrotoni-
cally coupled CM in murine hearts after
cryoinjury (Quinn et al. 2016). Similar findings
were described for myofibroblasts, where com-
bined myofibroblast-specific expression of the
fluorescent reporter Zsgreen (driven by
Periostin-Cre) and global loading with a
red-shifted, voltage-sensitive dye, allowed for
visualization of CM-myofibroblast coupling in
the infarct border zone of mouse hearts (Rubart
et al. 2017).

Resident macrophages constitute the most
abundant immune cell type in the heart, with
distinct functions in steady state and during
myocardial remodeling following cardiac injury
(Hulsmans et al. 2016). Notably, cardiac
macrophages express connexin-43, indicating
that they might be coupled to adjacent CM
(Hulsmans et al. 2017). To assess functional
macrophage-CM coupling, Hulsmans et al.
expressed ChR2 specifically in resident cardiac
macrophages (using the Cx3Cr1-Cre mouse line).
Upon ChR2-mediated depolarization of
macrophages, they observed improved AV node
conduction at high-pacing frequencies,
supporting the hypothesis that changes in the
membrane potential of macrophages could poten-
tially impact normal cardiac function even in
healthy murine myocardium.

The above-described studies show how cell-
specific optogenetic approaches can be used to
probe the existence and functional relevance of
heterocellular electrotonic coupling, both in
healthy and remodeled mouse hearts.

24.5 Optogenetic Manipulation
of the Cardiac Vasculature

The cardiac circulatory system provides oxygen
and nutrients to the heart and facilitates the
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transport of immune and other circulatory cells to
the four heart chambers. The principal cellular
components of coronary vessels are endothelial
and perivascular cells (vascular smooth muscle
cells and pericytes), together providing the struc-
ture and regulating the development, stability,
and contractile function of the vessels (Kapuria
et al. 2018). Cardiac endothelial cells were
optogenetically targeted by CreLoxP recombina-
tion of Cre-dependent ChR2 mice, bred with the
cadherin (Cdh5)-Cre driver line (Zhang et al.
2015). Interestingly, blue-light mediated ChR2
activation in vascular endothelial cells led to
vasoconstriction, thereby increasing the perfusion
pressure of the Langendorff-perfused mouse
heart. Vasoconstriction was also observed when
activating ChR2 in cardiac vascular smooth mus-
cle cells (driven by transgelin [Tagln]-Cre), with
increasing constriction during sustained ChR2
activation, potentially indicating depolarization-
induced changes in transmembrane ionic
gradients (e.g., cellular Ca2+ overload)
(Wu et al. 2015). Sustained ChR2 activation
also elicited severe ventricular arrhythmias,
suggesting insufficient myocardial blood
perfusion.

24.6 Intrinsic Cardiac Nervous
System

On top of centrally derived sympathetic and para-
sympathetic innervation of the heart, the heart has
a complex intrinsic network of neurons, termed
the intrinsic cardiac nervous system (ICNS). Tra-
ditionally, it was assumed that the ICNS acted as
a relay system for the central nervous system,
however, a number of subsequent studies con-
firmed that the ICNS plays a distinct and signifi-
cant independent role in cardiac physiology in
both health and disease (for a full review, see
Wake and Brack 2016). However, probing the
exact pathways and mechanisms by which the
ICNS affects cardiac physiology using standard
electrical stimulation techniques, presents with
the difficulty of ensuring that only the specific
neuron population of interest is excited.
Optogenetics overcomes this issue by enabling

cell-type-specific stimulation and recording, thus
allowing the assessment of the role and
interactions of different neuronal populations in
the heart.

Studies using optogenetic tools to assess car-
diac innervation initially focused on cardiac
effects of optical activation of neurons in the
central nervous system (Mastitskaya et al. 2012;
Marina et al. 2013; Yu et al. 2017). Wengrowski
et al. (2015) performed the first study looking
directly at the role of the ICNS (Wengrowski
et al. 2015). They expressed ChR2 in sympathetic
neurons (SN; using the tyrosine hydroxylase-Cre
driver line) and assessed how optical excitation of
SN altered force production, heart rate, action
potential duration, and arrhythmia susceptibility
in Langendorff-perfused hearts. This study
demonstrated that isolated hearts can be utilized
to characterize cardiac responses to intracardiac
neural activation through the use of optogenetics,
simplifying experimental models, and opening up
the path to a better understanding of cardiac
innervation.

Prando et al. (2018) subsequently investigated
the mechanisms underlying communication
between SN and CM (Prando et al. 2018). Confo-
cal microscopy demonstrated close contacts
between SN and CM, and electron microscopy
revealed sympathetic varicosities at an intermem-
brane distance of 70 nm from CM, and clustering
of norepinephrine-containing vesicles in the SN
close to the SN–CM interface. To test whether
these points of contact act as spatially restricted
domains for communication, an optogenetic sen-
sor for cAMP (H187) was used in vitro,
confirming that only the directly innervated cell
was excited in response to SN stimulation. They
further assessed the in vivo response to
optogenetic activation of ChR2 in SN. By com-
bining functional optogenetic experiments with
same-site histological analysis, they identified a
subset of SN that forms quasi-synaptic clefts with
sinoatrial node CM. Presence of such quasi-
synaptic junctions alters our understanding of
cell–cell communication in the heart, a prerequi-
site for developing novel therapies, e.g., for
treating atrial and ventricular fibrillation, both of
which have been linked to abnormal nerve
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activity (Scherlag and Po 2006; Lu et al. 2009; He
et al. 2013).

In 2019, the first reports targeting parasympa-
thetic neurons (PN) were published. Moreno et al.
expressed ChR2 in PN (using choline
acetyltransferase-Cre mice) and demonstrated
optically induced changes in heart rate and con-
duction (Moreno et al. 2019). Rajendran et al.
took this a step further by examining both PN
and SN innervation of the sinoatrial node
(Rajendran et al. 2019). They demonstrated the
ability to accurately trace cardiac innervation
through the use of optical clearing,
immunostaining, and genetic labeling, providing
a high-resolution map of the murine ICNS. They
further compared optical stimulation of PN to SN
in terms of its effects on cardiac electrophysiol-
ogy and confirmed the utility of optogenetics by
comparing optical to electrical stimulation of the
vagus nerve. Their data suggest that electrical
stimulation affects both afferent and efferent
fibers in the vagus nerve, whereas optical stimu-
lation, due to genetic expression of probes in
particular neuronal subsets, can be used to only
stimulate efferent fibers.

The above studies exemplify how optogenetic
approaches can greatly facilitate probing the roles
of different cardiac cell types, including CM,
fibroblasts, macrophages, endothelial cells,
smooth muscle cells, and intracardiac neurons,
and subpopulations thereof. In the following
paragraphs, we will discuss several challenges
of cardiac optogenetics at present, and propose
how they might be overcome in the near future.

24.7 Current Challenges and Future
Directions

A range of optogenetic sensors and actuators have
been applied to record and modulate cell-type-
specific cardiac activity. Despite genetically tar-
getable optogenetic sensors first being used in the
heart in 2006, and actuators in 2010, cardiac
optogenetics research has primarily utilized
CM-specific expression in healthy hearts. The
ability to target-specific cell types, subtypes, and
intracellular compartments has been shown, but

primarily as a part of proof-of-principle studies.
Thus far, the use of optogenetics to address fun-
damental scientific questions in the cardiac field is
lagging behind neurosciences, with only a hand-
ful of published reports, largely focusing on the
healthy heart (Quinn et al. 2016; Hulsmans et al.
2017; Prando et al. 2018; Rajendran et al. 2019).
The advent of new models, and demonstration of
their utility for assessing the specific roles of
cardiac endothelial cells, smooth muscle cells,
neurons, and interstitial cells in recent years,
will hopefully encourage addressing more funda-
mental questions regarding cardiac biology in
health and disease.

In particular, optogenetics could be used to
modulate different NM populations in the dis-
eased heart to help understand their role in cardiac
homeostasis and repair and how these differ
between localized lesions (e.g., those occurring
due to myocardial infarction or ablation therapy)
and global remodeling (e.g., as occurs in atrial
fibrillation or cardiac hypertrophy). Potentially
exciting applications of cardiac optogenetics—
such as for defibrillation—have been explored in
“healthy” hearts. These may not apply equally to
a diseased heart, where cells die (e.g., CM), pro-
liferate (e.g., interstitial cells), and/or invade from
external sources (e.g., immune cells), changing
tissue electrophysiological properties. Resulting
spatial heterogeneities may act as organizing
centers for arrhythmias, making them more diffi-
cult to be terminated. Furthermore, poor cell
health may affect ion distributions, so that
optogenetic activation of ion channels may have
different effects in diseased, compared to healthy
myocardium. In regard to optogenetic
defibrilliation, it would be most interesting to
explore which cell type(s) might be best suited
to terminate arrhythmias with light, as targeting
NMmight be a safer option than directly targeting
CM, and may allow for targeting lesion-specific
activated cell populations. A further key issue
with the application of optogenetics for treating
cardiac disease is that no study has shown the
ability to perform long-term cardiac optical stim-
ulation or observation on vertebrates in vivo.
Weber et al. recorded calcium transients in
zebrafish embryos over 16 h (Weber et al.
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2017), and no group has exceeded this period to
our knowledge. A number of groups have
demonstrated optical pacing or resynchronization
in vivo with open-chest models (Bruegmann et al.
2010; Nussinovitch and Gepstein 2015; Vogt
et al. 2015), and Nyns et al. recently demonstrated
the ability to pace and defibrillate in a closed-
chest model (Nyns et al. 2017). However,
transitioning from using optogenetics in an
anesthetized to a freely moving animal remains
challenging, due to continuous motion (heartbeat,
respiration) of the heart, and its location in
the body.

The use of larger animals would potentially
lower the technical threshold to implementing
chronic studies by offering more space for
implanting flexible light sources. Furthermore,
larger mammals such as rabbits or pigs are con-
sidered more suitable models of the human heart
compared to rodent species. This is especially
true for cardiac electrophysiology, with large
interspecies differences, e.g., in action potential
shape and heart rate. However, taking cardiac
optogenetics to non-rodent hearts poses addi-
tional challenges. One of the main hurdles is
limited light penetration into tissue, as blue light
is attenuated by 80% within 1–2 mm of the
myocardial surface (Baxter et al. 2001; Zaglia
et al. 2015). Tissue-penetrating light sources,
which allow transmural illumination, are avail-
able, but their use would still be restricted by
light penetration in 3D (Zgierski-Johnston et al.
2019). Alternatively, developments in the field of
nanoparticles offer the possibility for exciting
deeper tissue layers through either photo-
upconversion (see review by All et al. 2019,
where long-wavelength light is used to excite
nanoparticles which emit lower wavelengths), or
ultrasound-triggered light emission (Wu et al.
2019). However, the need to produce such
nanoparticles limits their widespread adoption
and their application and turnover pose nontrivial
problems for research and development. A further
approach would be the use of ultralight-sensitive
optogenetic tools, such as the recently presented
optogenetic Ca2+ modulator monSTIM1, which
can be noninvasively activated by illuminating
the animal with blue light of moderate intensity

(Kim et al. 2020). Finally, newly developed
genetically encoded infrared reporters
(Monakhov et al. 2019) or red-shifted actuators
(Oda et al. 2018) are set to enable the use of
longer wavelength light for excitation, thereby
opening up the possibility for transmural observa-
tion and steering in larger hearts. Red-shifted
proteins offer the additional advantage of
allowing for combined use of optogenetic tools,
an area that has traditionally been challenging due
to spectral overlap.

Utilizing newly generated optogenetic tools
remains difficult. The majority of researchers
using cardiac optogenetics—including our-
selves—still utilize ChR2; despite the available
repertoire of ChR variants with improved/tuned
properties, including action spectra, photocycle
kinetics, ion selectivity, and channel membrane
targeting (Prigge et al. 2012; Schneider et al.
2015; Rost et al. 2017). This is largely due to
the availability of floxed ChR2 mouse lines and
ChR2-encoding viral vectors, while the develop-
ment of new transgenic mouse lines is both cost-
and time-consuming. We still encourage
researchers to identify the optogenetic probe
most suitable for each specific experimental
design, as this may reduce unwanted side effects
of optogenetic activation. For example, ChR2 has
been shown to effectively silence CM activity
during prolonged illumination, but at the cost of
depolarizing CM to the reversal potential of
ChR2 (near 0 mV), activating secondary
voltage-gated ion channels. This may, in particu-
lar in diseased myocardium, aggravate the
conditions (such as Ca2+-overload-induced
arrhythmogenesis) that one might hope to control
or treat. Other tools might be better suited to arrest
cardiac excitation, in particular, hyperpolarizing
light-driven pumps and light-gated Cl� and K+

channels (Arrenberg et al. 2010; Govorunova
et al. 2016; Kopton et al. 2018; Bernal Sierra
et al. 2018; Funken et al. 2019).

An alternative model system is zebrafish, as
the effort involved in generating transgenic fish is
much lower than for mammals. Furthermore, a
number of recent publications suggest that fish
may even be a more suitable cardiac model than
mice (see editorial by Stoyek and Quinn 2018). A
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major advantage is the speed and relative simplic-
ity of gene manipulation in zebrafish. Zebrafish
are, of course, not suitable for all studies, due to
their small size and different biology (e.g.,
two-chamber heart, potential to regenerate heart
tissue), but they can serve as a good model for
generating hypotheses and for testing novel
optogenetic tools.

24.8 Summary

Experiments targeting a range of different cardiac
cell types and subtypes have demonstrated the
utility of optogenetics for teasing apart the role
of specific cell populations in the heterocellular
heart. The studies discussed above lay the
groundwork for future research, focusing on
understanding the interactions between different
cell populations, and their role in development,
homeostasis, disease, and therapy.
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