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During the last decade, optogenetics has emerged as a paradm-shifting technique

to monitor and steer the behavior of speci c cell types in ex#able tissues, including
the heart. Activation of cation-conducting channelrhodopins (ChR) leads to membrane
depolarization, allowing one to effectively trigger actiopotentials (AP) in cardiomyocytes.
In contrast, the quest for optogenetic tools for hyperpolaeation-induced inhibition of
AP generation has remained challenging. The green-light #zated ChR fromGuillardia
theta (GtACR1) mediates Cl-driven photocurrents that have been shown to silence
AP generation in different types of neurons. It has been suggted, therefore, to be a
suitable tool for inhibition of cardiomyocyte activity. Uag single-cell electrophysiological
recordings and contraction tracking, as well as intracellar microelectrode recordings
and in vivo optical recordings of whole hearts, we nd that GtACR1 actiation by

prolonged illumination arrests cardiac cells in a depola@d state, thus inhibiting
re-excitation. In line with this, GtACR1 activation by trasient light pulses elicits AP in
rabbit isolated cardiomyocytes and in spontaneously beatg intact hearts of zebra sh.

Our results show that GtACRL1 inhibition of AP generation isatised by cell depolarization.
While this does not address the need for optogenetic silencip through physiological

means (i.e., hyperpolarization), GtACR1 is a potentiallytteactive tool for activating
cardiomyocytes by transient light-induced depolarizatio.

Keywords: heart, optogenetics, action potential, GtACR1, natural anion channelrhodopsin, zebra sh

INTRODUCTION

Understanding multicellular electrophysiological inteliacs in intact biological tissue requires
potent tools to measure and alter electrical behavior ofrioigated cell populations in a controlled
manner. In optogenetics, this can be implemented by cell-speekpression of uorescent
reporter proteins that are sensitive to changes in membrait@age or cellular ion concentrations
(pH, C&°), and by optogenetic actuators (mainly retinal-binding misial opsins) that act as
light-activated ion conductors in the targeted cell3e(sseroth et al., 2006; Miesenbdck, 2009
Cation non-selective channelrhodopsins such as ChR2 medjatedated currents that depolarize
excitable cells, including neurons and cardiomyocytegpbd the threshold for action potential
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(AP) generation, thereby allowing optical pacirigpf/den et al., ex and in vivo. We show that GtACR1 enables large ClI
2005; Bruegmann et al., 2Q1@onversely, prokaryotic proton currents that can be titrated by changing light intensitydéor
(e.g., ArchT), chloride (e.g., jHiR), and sodium (e.g., KR2 light pulse duration. Using patch-clamp recordings, we otiser
pumps can mediate outward photocurrents that drive membranelepolarizing photocurrents at negative membrane potentials fo
hyperpolarization lan and Boyden, 2007; Zhang et al., 2007all tested Cl concentrations. Using intracellular microelectrode
Han et al., 2011; Inoue et al., 2013; Grimm et al., 20TBese recordings in zebra sh hearts, we con rm GtACR1-mediated
light-driven ion pumps have been used to silence neuronallepolarization of resting cellsn situ. Thus, light-induced
activity in vitro and in vivo (Zhang et al., 2007; Gradinaru inhibition of cardiomyocyte excitability upon sustainedA@ZR1
et al., 2008; Arrenberg et al., 2009; Han et al., 2011; Kedb,et activation is based on membrane depolarization. Short light
2015; Grimm et al., 20)8&nd to slow down heart rate or to pulses, in contrast, allow one to optically pace isolated cells a
block conduction by selectively illuminating either pacéma whole hearts, and to trigger cardiac contractions.
or atrioventricular canal tissue in the developing zebratstart We conclude that ACR mediate depolarizing photocurrents
(Arrenberg et al., 20)0A major limitation of hyperpolarizing in resting cardiomyocytes, which can be used for both adtvat
ion pumps is their capacity to maximally transport one ion and inhibition of cardiac activity. The observed inhibitiés not
per absorbed photon, requiring high membrane expressiobased on reaching a physiological resting (re-/hyperpoldjize
levels of the pump in combination with high-intensity susted  state. A suitable optogenetic tool to silence cardiomyocyte
illumination to e ectively inhibit AP generation Gradinaru  activation by clamping the membrane potential to diastolic
et al., 2010; Zhang et al., 2011; Mattis et al., pOMdreover, resting potential levels by opening & KKonductance has recently
by actively transporting ions against electrochemical gnaid, been reportedBernal Sierra et al., 20),&ut further e ort will
prolonged pump activation alters cellular energy balance andeed to be applied to accelerating the system's on- and o -
trans-membrane ion distribution, with potentially uninteled  kinetics. A rapid K-based silencing tool would be useful to
side-e ects on other facets of cellular behaviBia{mondo et al., temporarily block cardiac conduction in de ned cell populat®n
2012; Alfonsa et al., 2015; Mahn et al., 2016 with the aim of investigating the basic mechanisms undagyi

The optogenetic toolbox has recently been extended batrial and ventricular arrhythmogenesis and cardioveansin
anion-selective channelrhodopsins (ACR). First variantd¢C, the future, this could facilitate the development of optimized
iC1C2) were engineered by targeted mutagenesis of cati@trategies for arrhythmia termination, potentially by optogéc
channelrhodopsins and showed a residual proton conductancgpproaches.
(Berndt et al., 2014; Wietek et al., 2)14vhich was largely
eliminated in subsequent optimized variants (iChloCCiC) RESULTS
(Wiegert et al., 2015; Berndt et al., 2D1Engineered ACR
have been complemented by naturally occurring ACR, rstlon Selectivity of GtACR1
identi ed in the cryptophyte specieGuillardia theta(GtACR1  We performed whole-cell patch-clamp recordings in trandignt
and GtACR2) Govorunova et al., 201phaand more than transfected HEK 293T cells to characterize in detail the
20 related proteins have been reported so faoyorunova GtACR1-mediated photocurrents and their ion dependency.
et al.,, 2015b, 2017; Wietek et al., 2018pon expression in Upon green-light application, GtACR1 activation results in
animal cells, GtACR1 and GtACR2 support large ®©hediated large photocurrents whose direction and amplitude depends
currents with high operational light sensitivityGovorunova on the Cl concentration gradient Kigures 1A—Q. Eyy for
et al., 20152 GtACR1 and GtACR2 have been used in aGtACR1-mediated currents are 15.0 0.3, 1.7 0.2,
number of studies to inhibit neuronal ring by “shunting” 8 and C35.6 1.1mV for extracellular Cl concentrations
membrane potential toward the reversal potentigk() for Cl ([Cl Jexy) of 151.4, 71.4, and 11.4mM, respectively, (with an
(Malyshev et al., 2017; Mauss et al., 2017; Mohamed et al,, 20ihtracellular ClI concentration [Cl ]iy of 54.0 mM) Figure 1G).
Forli et al., 2018 First cardiac use of ACR was performed byThe experimentally observed reversal potentials deviate from
Govorunova et al. comparing photocurrents of GtACR1 and thecalculated reversal potentials for a pure chloride channel at
proton pump Arch3 in neonatal rat ventricular cardiomyocytes 25 C in a non-linear manner (theoretical reversal potentials
GtACR1 required light intensities that were four orders ofaccording to the Nernst equation are26.5, 7.2, andC40.0myV,
magnitude lower than those needed for Arch3 to activateespectively). Decreasing Cllevels of the internal (pipette)
photocurrents of comparable amplitudes. Using extracellulasolution shifts reversal potentials to more negative valued2(1
potential recordings, the authors observed that GtACR1aftiv.  1.0and 45.8 2.8mV at 15 and 4 mM [Cl];y, respectively;
Cl currents reversibly inhibit spontaneous AP in cultured Supplementary Figure 14, again with major deviations from
neonatal cardiomyocytes at light levels at which inhibiitioy  theoretically predicted potentials for a pure Ctonductance
Arch3 was ine cient (Govorunova et al., 20)6 ( 59.4 and 93.4mV, respectively). For all Clconcentration

In the current study, we characterize the electrophysi@algi gradients tested, we observe inward currents (in line witrea
and optical activation properties of GtACR1 in HEK 293T outward movement of anions) at negative membrane potentials.
cells and primary cultured ventricular cardiomyocytes fromTo test for a potential additional cation conductance that
rabbits. We assess the mechanism by which activation ofould explain di erences between theoretical and experimignta
GtACR1 may arrest cardiac AP and cellular contractions irobserved reversal potentials, we also varied external gH, K
rabbit isolated cardiomyocytes and in zebra sh hearts,hbot and N& concentrations. Photocurrent amplitudes and reversal
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FIGURE 1 | lon selectivity of GtACR1-driven photocurrents in HEK 293Tatls. (A—F) Representative whole-cell currents at holding membrane gentials from 60 mV
to C60mV (step size 20 mV). Peak currenks is indicated. The calculated reversal potentid,ey ¢4 is stated at 25 C. Standard pipette solution contained 54 mM Cl
and 0mM NaC. External bath solution containedA) standard high, (B) moderately reduced and(C) strongly reduced Cl concentration. ©) Photocurrent using an
alkaline external solution (pH 9.0), Cl concentrations as in(A). (E,F) Photocurrent at moderately reduced(E) and strongly reduced N& concentration (F), Cl
concentrations as in(A). (G) IE relationship recorded at different external Cl concentrations fi D 8—12). Mean reversal potentialsrey) SE are marked in the
respective color.(H) IE relationship recorded at pH 7.4 and pH 9.0 D 8-12, Mann-Whitneyp > 0.05). (I) IE relationship recorded at various N& concentrations g
D 10-12, Mann-Whitneyp > 0.05).

potentials are not altered when reducing external protonPhotoactivation of GtACR1 in

concentration to pH 9.0 Rigures 1D,H or varying external Cardiomyocytes

KC concentration Supplementary Figure 1B Decreasing the Using adenoviral transduction, GtACR1-eGFP was expressed

extracellular N& concentration shifts the observed whole-cellj, cultured primary ventricular cardiomyocytes from rabbit

current reversal potential to slightly more positive value®@ nearts Figure 2Ainsert). We performed whole-cell patch clamp
0.3and 8.9 0.3mVat12and 1mM [N&]ey respectively; recordings to test the functionality of the Clchannel in

[CI' Jin of 54.0 mM), while average current amplitudes at negativ@ardiomyocytes. At a holding potential 0f60 mV, green light

membrane potentials appear una ecteigures 1E,F). Similar  pyises elicit large inward currents that can be graded by

changes in reversal potential by variation of the internalpplied light intensity and/or pulse duratiorFigures 2A-G.

Cl  concentration, and the absence of a sensitivity tHalf-maximal peak amplitudes are reached at 3.08 and 0.93

pH were conrmed in cardiomyocytes expressing GtACRImW mm 2 for short light pulses of 1 and 10 ms, respectively.

(Supplementary Figures 1C,p Using longer light pulses (100 ms) half-maximal amplitudes
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TABLE 1 | Bi-exponential current decay after light activation of G8R1 in is slightly reduced in GtACR1-expressing cells compared to
ventricular cardiomyocytes. non-transduced control cells, no di erences were observed in
Time constants Low light intensity High intensity fractional sarcomere shor'Fenlng or contraction kinetiosfdre
at 60mv ©.1mw mm 2) @Gmwmm 2) and after light-induced silencing compared to control cells
(Figures 3G,H Supplementary Figures 11—\

offt (MS) off2 (MS) offt (MS) off2 (MS)
Short light pulses 32 2 125 19 46 3 224 18 GtACRl-MEdlated Optlcal PaCIn.g In Vitro
(10ms) Since GtACR1 activation leads to cardiomyocyte membrane
Prolonged light 36 1 172 14 8 2 o1 23 depolarization at negative membrane potentials, we tested
pulses (300 ms) whether GtACR1-expressing cardiomyocytes can be optically

paced. Short low-intensity light pulses (10ms, 0.1 M 2)
are su cient to reliably trigger AP in cultured GtACR1-positv
cells figures4D,B, but not in wild-type controls. When
compared to electrically induced ARFigures 4A—Q, optically

. 2 stimulated AP show prolonged late repolarization, re ected by
are observed at approximately 0.58 nih <. Channel closure 5 signi cantly longer APo, while APD at 20% repolarization
follows a bi-exponential decline after illumination te_rnaxtes APD,) is not di erent between optical (OP) and electrical (EP)
(see Table 1 for  values for selected exposure times an({)acing.AIso,opticallytriggeredAP show a slower onset aniga la

light int.ensities). Whep ac;ivated by Ionge;r light exposuae depolarized phase, as seen in the voltage di erence plot between
proportion of channels inactivates (or transitions to an optates optically and electrically stimulated AP shown Figure 4F

of lower conductance) resulting in stationary currentseduced  iosiolic membrane potential was slightly increased (more

amplitude Figure 2D). Repetitive channel activation results in positive) with EP compared to ORS(ipplementary Figure 1
transient channel inactivation re ected by reduction oktpeak Resting membrane potential and ABPwith OP are not altered
current (Ip) by 4%, which recovers to initial values withcovery  \hen light intensity is increased from threshold to 2hreshold

D (2.2 0.2) s Figures 2H,). Our data provides evidence that g, re 4H, Supplementary Figure 1. Finally, in experiments
GtACR1 is functional in cardiomyocytes without addition of 5cying sarcomere length changes in intact cells, we observe

external retinal and that current characteristics can ligated  g,ccessful OP, leading to cardiomyocyte contractionslaito
using light pulses of di erent intensity and duration. electrically triggered beatigures 41,).

AP Inhibition Using Prolonged GtACR1 Effects of Prolonged GtACR1 Activation in

Activation in vitro Intact Zebra sh Hearts
Based on previous reports using GtACR1 for neuronal an&ebrash served as a model system to study eects of
cardiac silencing, we assessed the utility of using GtACR1 BtACR1 activation in native myocardiunR@ erty and Quinn,
inhibit electrically evoked AP in ventricular cardiomydeg. 2018; Ravens, 20l8GtACR1-eGFP was expressed speci cally
In current-clamp recordings, AP are triggered by 10-msin cardiac myocytes in the hearts of zebrash using Tol2
current ramps at 0.25Hz. Prolonged green light applicatiortransposon transgenesis by microinjection of a cmlc2:GtACR1
(64s at 4 mWmm 2) results in membrane depolarization (to eGFP plasmid at the one-cell stage. Fish with successful gene
21.0 1.7mV), thereby preventing further AP generationinsertion, indicated by cardiac eGFP expression, were rased
(Figure 3A). Light-induced inhibition is reversible, and AP 3 months. Hearts were isolated and intracellular microetmer
before and after optical silencing show comparable durationeecordings of ventricular myocyte membrane potential were
at 90% repolarization (AP§; Figures3B-D. Using an performed.
illumination protocol with varying pulse duration and light GtACR1-eGFP expression in the ventricle was largely
intensity for repeated depolarization of cardiomyocytes, wepicardial and heterogeneous at the cellular level
found that the average membrane potential during repeatéd lig (Supplementary Figure 3, with regions of high eGFP expression
exposure increases to more positive values over time (startimext to eGFP-free areas at the whole-heart leFejures 5 6).
membrane potential: 59.6mV, end membrane potential: Light for activation of GtACR1 was focused on regions of
57.4mV). This may be due to changes in intracellular iorhigh or no eGFP expression (spot size of 0.16 nnwhen
concentrations Figure 3E for exemplary current traces see sustained light (5 mWmm 2) is applied to regions of high
Supplementary Figure 2. In contrast, green light application eGFP expression, there is an immediate depolarization ofhigsti
does not a ect resting membrane potential and AN non-  membrane potential Er) and a decrease in the maximum
transduced control cellsSupplementary Figures 1G,M Light-  rate of membrane potential changeHdtnay) during the AP
induced silencing of cardiomyocytes was also assessethitt in upstroke, as well as in AP amplitude (AfR,), APDsg and
cells by measuring sarcomere length changes during elattri APDgg (Figure 5, n D 34 cellsN D 7 zebra sh). Additionally,
eld stimulation. Similar to electrophysiological recordjs, in regions of high eGFP-expression in some heas( 3/7),
sustained light inhibits cardiomyocyte activityFigure 3.  sustained light locally inhibits AP generation by depolatizaof
Upon onset of sustained illumination, we observed a shormembrane potentialKigure 6). Ventricular contractions could
and low-amplitude contraction. While resting sarcomereddn also be inhibitedn vivo by exposing the entire ventricle (spot

Black values were obtained at 60mV (n D 8); gray values re ect current decline at
C20mV (nD 20).
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FIGURE 2 | Characterization of GtACRL1 currents in rabbit isolated cdiomyocytes. (A) Representative voltage-clamp recordings at 60 mV using light pulses of
10ms. The insert shows a uorescence image of GtACR1-eGFP exssed in cultured cardiomyocytes. Scale bar 5émm. (B,C,E,F) Light titration at various light
intensities using light pulses ofB) 1 ms, (C) 10 ms, (E) 100 ms, (F) 300 ms (n D 8, N D 2). Please note non-linear scaling of x-axigD) Representative
voltage-clamp-recordings at 60 mV using light pulses of 300 ms(G) Mean peak currentlp was tted by the Hill equation. Dissociation constant ky [mW mm 2] was
calculated for each light duration (I§ 1ms D 3.08  0.17, K4 10ms D 0.93  0.03, Ky, 100ms D 0.57  0.04, K4 300ms D 0.59  0.04). (H) Representative
voltage-clamp recording at 60 mV. Each trace was normalized to the rst peak. Dark intervieof 1 1 s between light pulses in each dual-stimulation experimen(l)
Recovery of normalized peak current(D 7, N D 2) during repeat optical stimulation, measured at maximumght intensity of 11 mWmm 2 and light pulse duration
of 300 ms.

size of 0.05 mrf) of intact eGFP-positive zebra sh larvae (21 light, pulsed light also had an e eat vivoin intact eGFP-positive
days post fertilizationl D 3) to sustained light (1.7 mWwhm 2;  zebra sh larvae, eliciting ventricular contractions ré#g from
Supplementary Movie }. OP. In contrast to GtACR1-expressing regions, neither sostii
nor pulsed light application to eGFP-negative myocardialigss
in the same animals, or to ventricular myocardium from wild-
type zebrash N D 3), induces any changes in membrane
potential.

Optical Pacing of Zebra sh Hearts

When pulsed light (10 ms, 2sinus heart rate) of supra-threshold
intensity (1.2 0.2 mWmm 2; determined in each heart
by increasing light intensity until AP stimulation occudkis
applied to regions of high eGFP expression, AP are elicite@|SCUSSION

resulting in OP of the heartKigure 5. Comparison of AP,

stimulated by OP and EP at the same rate, shows no di erence ifools to modulate cardiac electrophysiology in a spatio-
AP characteristicsSupplementary Figure 3. As with sustained temporally de ned, cell-speci ¢ manner hold a key to improving
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FIGURE 3 | GtACRL1 inhibits electrically paced cardiomyocytes by deparization.(A) Representative trace of cardiomyocyte membrane potentiaduring electrical
pacing (EP) at 0.25Hz (current injections of 0.7 nA for 10 msi\ sustained 64 s light pulse inhibits AP generation by depatizing the cell to about 20 mV. (B) 10th AP
before light application.(C) 10t AP after end of light exposure (D) Comparison of APy before light (AP 2-7) and at two different time points afteight exposure
(average APy of AP 2-7 and AP 10-15) to APy in non-transduced WT cells (WTh D 10, N D 1; GtACR1 transduced cellsn D 23, N D 2). Wilcoxon test (WT vs.
before light):p > 0.05. ANOVA one-way repeated Dunnett test (before vs. aftdight):p > 0.05. (E) Membrane potentialE was recorded before, during and after light
pulses of various durations (64 s, 32s, 16 s) and light interitses (4 mWmm 2 04mwWmm 2,nD11,ND 2). Results of ANOVA one-way repeated Tukey are
indicated in graph (p  0.05, *p  0.01). (F) Representative sarcomere length recording. The cell was ettrically paced at 0.25Hz by eld-stimulation (15 V) and
sarcomere length shortening was inhibited by light for 64 §G) 6t contraction before light application.(H) 10th contraction after light application.

our understanding of electrophysiological signaling inlkeand ~ Baumgarten et al., 20)5GtACR1-mediated myocyte inhibition
disease. ChR2 can be used for optical pacing, and for inhibitiorelies on membrane depolarization, thus preventing myocyte
of AP generation—albeit by non-physiological sustainedepolarization. While keeping cardiomyocytes at a depolarized
depolarization of the resting membrane potential. Prolongegotential can block re-excitation and conduction, sustdine
membrane depolarization will lead to ion concentrationdepolarization will result in C& and N& overload via
imbalances, which could be particularly problematic in dssh activation of additional ion uxes, e.g., through L- and yge
tissue Bchneider-Warme and Ravens, 2J1IACR have been C&C or background N& channels. This would be detrimental in
used to inhibit AP generation in neuronal cell populations andcases where cells are already overloaded wily @aNa’, e.g.,
neonatal rat ventricular cardiomyocyte$s¢vorunova et al., when using GtACRL1 for inhibition of cardiomyocyte activity t
2016; Malyshev et al., 2017; Mauss et al., 2017; Mohamed et t@rminate arrhythmias in pathologically remodeled myodand
2017; Forli et al., 20)8Here, we investigate their use in rabbit (note: thus far, all experiments studying depolarizationduhs
cardiomyocytes, and in intact zebra sh hearts. optogenetic inhibition have used “healthy” cardiomyocytesaa
We show that green-light activation of GtACR1 triggersmodel system).
depolarizing photocurrents in resting cardiomyocytes. GR{C In contrast to cardiomyocytes, the reversal potential for Gl
currents are based on Clconductance, with only minor closer to the resting membrane potential in the somatodetiri
current contributions by cations, such as Nak®, or HC.  compartment of neurons, in which ACR have a hyper- or
Accordingly, cardiomyocyte inhibition by sustained illunaition  re-polarizing e ect. Thus, ACR activation mimics neuronal
is based on polarizing cells toward the reversal potential foinhibition by postsynaptic GABA receptors \(Viegert et al.,
Cl . In line with an estimated reversal potential between2017. It would be wrong, though, to assume that ACR
40 and 33mV in cardiac myocytes(lemo et al., 1999; necessarily hyperpolarize all resting cells—as shown heree The
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FIGURE 4 | GtACRL1 activation by short light pulses enables optical pang of cardiomyocytes.(A) Representative current-clamp recording at 0 pA during elecical
pacing (EP) at 0.25Hz using a current ramp of 0.6 nA, 10 mgB) 10t AP of electrically paced cardiomyocyte(C) Overlay of the 16" AP of electrically (light blue) and
optically (dark blue) paced cardiomyocyte. AP were alignedy dE/dtmax. (D) Representative current-clamp recording at 0 pA during optial pacing (OP) at 0.25Hz by
light pulses of 525 nm, 10 ms, 0.1 mWmm 2, (E) 10t AP of optically paced cardiomyocyte.(F) Difference of membrane potential during AP [shown iC)] between
OP and EP Epp-Egp). (G) Comparison of AP duration of GtACR1-expressing cardiomyoges during OP and EP to electrical stimulation of non-trariced WT cells
(n D 10, N D 2). Mean APDyg and APDyg of the 10t to 151 AP are compared. Wilcoxon test (EP vs. OP): APy p > 0.05, APDgg p < 0.01, Mann-Whitney test
(WT vs. EP): APBg p > 0.05, APDgg p > 0.05. (H) APDgg of optically paced cardiomyocytes at threshold illuminatin (light power per area;P/Ay,) and two-times
threshold light intensity P/A; ). Wilcoxon test:p > 0.05 (0 D 6, N D 1). (I) Sarcomere length recording of representative cell. Cardinyocyte was electrically paced
by eld stimulation at 15V, 0.25 Hz.(J) Sarcomere length recording of representative cell. OP byglt pulses of 10 ms, 0.25 Hz. Statistical tests: n.sp > 0.5, **p

0.01.

are neuronal compartments with elevated intracellular cidler neurons, ACR-based cardiomyocyte inhibition is based on-no
concentrations, including presynaptic terminals and axonsphysiological sustained depolarization, as shown here bath fo
where ACR activation can lead to depolarizing photocurrentsisolated cells and myocytes within intact myocardium. Atig

In fact, several studies have reported ACR-triggered prestima gated K conductance could serve as a potent alternative for
vesicle release and antidromic spikesla(in et al.,, 2016; optical inhibition of excitatory cellsfernal Sierra et al., 20),&s
Malyshev et al., 20).7 To overcome these excitatory e ects, the resting potential of excitable cells is close to tferkversal
soma-targeted ACR have been constructed by addition gdotential, thereby limiting secondary ion uxes.

the soma-targeting motifs of the K channel K2.1 and Based on depolarizing photocurrents, GtACR1 enables OP
telencephalin lahn et al., 2018; Messier et al., 2R1@/hile  of cardiomyocytesn vitro and in zebra sh ventricles botkex
optical inhibition with soma-targeted ACR can be e ective inandin vivo. In isolated myocytes, optically stimulated AP show
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FIGURE 5 | GtACR1 activation depolarizes ventricular myocyte membre potential in isolated zebra sh hearts. Regions of high ormeGFP expression on the
ventricle of 3-months post fertilization (mpf) zebra sh isiated hearts were illuminated by a 0.16 mrf spot of 531/22 nm light sustained for 15 s or pulsed for 10 ms at
arate 2-3 sinus heart rate.(A,D-E) In the case of sustained light, in regions displaying eGFP ergssion (red circle inC) there was an immediate increase in resting
membrane potential Er) and a decrease in the maximum rate of membrane depolarizati (dE/dtmax), AP amplitude (ARmp), and APD at 50% and 90%
repolarization (API3g and APDyg). (B) In the case of pulsed light, the heart could be stimulated whetight intensity was increased to supra-threshold valuegA,B) In
both cases, there was no effect seen in regions displaying neGFP expression (blue circle ii€). *indicatesp < 0.0001 by two-tailed paired Student'st-test.

FIGURE 6 | GtACRL1 activation can inhibit ventricular myocyte actiongtentials in isolated zebra sh hearts. In a subset of 3-monthgost fertilization (mpf) isolated
zebra sh hearts (0 D 3/7), a 0.16 mm? spot of 531/22 nm light applied to some eGFP expressing regios locally inhibited AP by depolarization of membrane poteil,
while there was no effect in regions with no eGFP expressioegn rmed by live confocal microscopy).
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delayed late repolarization, compared to electrically #igg AP. both in normal homeostasis and in the context of cardiac
This can be explained by (i) the slow component of GtACRZ%issue remodeling, remains to be determined. Optogenetic
closing kinetics, resulting in residual photocurrents ewater perturbation of electronically coupled non-myocytes migle b
200 ms Table 1) and (i) secondary activation of intrinsic €a  a useful approach here, for example to modulate cardiac
channels (e.g., L-type &a channel) and/or the Na/Ca®C electrophysiological properties such as conduction velocity
exchanger in forward mode. Regarding photocurrent declinavithout interfering with cardiomyocyte function (as pioneel
after illumination, one should take into account that chahn byHulsmans etal., 20)7
closure is usually decelerated at more depolarized membrane Using GtACRL1 to study cardiac electrophysiology in human
voltages in channelrhodopsins, and only few variants (ChRfssue or hearts from larger mammals is limited by the resdl
T159C E123T,; Chronos) display more or less voltage-ingeasit tissue penetration of green light needed for GtACR1 activatio
closing kinetics $chneider et al., 2015In line with our data (maximal activation at 515nm). This could be overcome
(Table 1), GtACRL1 has been reported to show biphasic channddy using exible micro-LED systems for local light delivery
closure, with the fast component accelerating at depolarizehyub et al., 201)7 or by replacing GtACR1 with a red-shifted
potentials, whereas the slow componentis similar at both pesit ACR. Recent studies have identi ed ACR with action spectra
and negative membrane voltagésr(eshchekov et al., 20150  shifted to longer wavelengths, both by protein engineering
prevent prolongation of optical triggered AP, one could use arfWietek et al., 2017 and genomic screeningGovorunova
ACR with faster closing kinetics, such as the GtACR1-C237At al., 201). The recently reported crystal structure of GtACR1
mutant (Kim et al., 2018 PSACR1 Govorunova et al., 2015b; will facilitate further spectral tuning, e.g., by transfegin
Wietek et al., 200)6or ZipACR (Govorunova et al., 20)7In  mutations identi ed in the most red-shifted channelrhodopsi
ventricular cells of intact zebra sh hearts, optically egdkAP  variant Chrimson S169A to GtACR1 and related ACRin{
display comparable amplitude and kinetics to same-frequencyt al., 2018; Oda et al., 2Q1&omputational modeling has
electrically stimulated AP. This di erence between isakdadin ~ predicted that epicardial (and even pericardial) illuminatio
situmyocytes may re ect e ects of electrotonic coupling betweerwill be su cient for transmural activation of red-light gate
GtACR1-expressing and non-expressing cells in the zebra sthannelrhodopsins in human hearts. This model considered the
heart. Indeed, confocal microscopy revealed heterogeneoless light-sensitive ChR2, under the assumption of actinadio
GtACRL1 expression at the cellular level, even in high eGFB69 nm at an intensity of 10 m\khm 2 (4.7-fold higher for
expression regions of zebra sh hearts, with direct proxinofy pericardial light delivery) Bruegmann et al., 20).6Thus, on
expressing and non-expressing cells. Electrotonic e ects mdie premise of further optimized means of light delivery and
also explain the less pronounced GtACR1-mediated membrartaned rhodopsin variants, it should become feasible to use ACR
depolarization observed in isolated zebra sh hearts, comgar for triggering transmural Cl currents in hearts from larger
to rabbit isolated myocytes. Future studies with an esthblii animals. Application to humans would require addressing a host
transgenic zebra sh line in which GtACR1-eGFP is expressedf other issues, such as targeting speci city and avoidarice o
in myocytes homogeneously across the heart (generated-by itTmmunogenic responses. These aspects are the subject ohgngoi
crossing the micro-injected sh used for testing in thisdywill  studies in the eld.
allow this hypothesis to be tested. In summary, GtACRL1 represents a potent tool for light-
While ACR do not allow hyperpolarization of cardiomyocytes,induced depolarization of de ned cardiac cell populations. &s i
they may be used to mimic Clcurrents in cardiac cells. Both the case for ChR2, this can be used both to activate and to silenc
inward and outward chloride currents are present during theAP generation in cardiomyocytes. Compared to ChR2, ACR
cardiac AP cycle and at least six families of Qihannels shows only weak intrinsic cation conductance, renderingRA&
are functionally expressed in cardiomyocytes. Ghannels superior tool for some applications, such as OP of myocardium.
have been found to play a role in cardiac arrhythmogenesi©ne has to keep in mind, however, that sustained membrane
myocardial hypertrophy and heart failure, as well as indepolarization for cardiac silencing will give rise to sedary
cardioprotection against ischemia reperfusiobugn, 2013 ion uxes that may aect transmembrane ion distribution.
ACR may be used to investigate the underlying roles of Cl This could increase arrhythmogenicity in myocardium, and
channels in these disease settings, with light not onlynatlg  be particularly counter-productive when using optogenetic
for precise spatiotemporal control of ACR activity, but alsoapproaches in ischemic myocardium where cardiomyocytes are
enabling titration of current amplitudes by variation of lig  already overloaded with Naand/or CZC.
intensity and/or duration. Cell-type speci ¢ gene targetimay
further enable investigating e ects of Clconductance on cells MATERIALS AND METHODS
other than cardiomyocytes, and might be useful for studying
heterocellular interactions between cardiomyocytes aod-n |f not stated otherwise chemicals were purchased from Sigma-
myocytes Johnston et al., 20).7 Recent studies expressing Aldrich (St. Louis, MO, United States).
optogenetic probes speci cally in either cardiac macrophades o
healthy mouse hearts, or in non-myocytes of ventricularsca Molecular Biology
border zone tissue, showed functional electronic couplinthe pUC57-GtACR1 was a kind gift from Dr. Jonas Wietek,
targeted cell types to adjacent cardiomyocytesi(in et al., 2016; Humboldt-Universitat zu Berlin. The codon-optimized (mouyse
Hulsmans et al., 20).7The relevance of such coupling, howeverhuman) sequence encoding for GtACRGgnBankaccession
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AKNG63094.1) was subcloned into the peGFP-N1 vectoexchanged 3-4h after seeding cells, and cells were either
(Clontech, Mountain View, CA, United States) using FastDigesmeasured after 48 h (control cells) or treated with adenovirus
Nhel and Agel (Thermo Fisher Scienti ¢, Waltham, MA, USA). Adenovirus (type 5) coding for GtACR1 was added immediately

For expression in cardiomyocytes, GtACR1-eGFP waafter the 3—4 h medium exchange (MOI75 for 48—72 h). Medium
cloned into pAdeno-CMV following the manufacturer's was renewed after 48—72h of transduction immediately keefor
instructions  (Adeno-X Adenoviral System, Clontech).cells were used for functional experiments.
Adenovirus was produced by the Viral Core Facility of the
Charitée—Universitatsmedizin Berlin, Germany.

Patch-Clamp Recordings

HEK 293T Cell Culture Whole-cell patch-clamp measurements on single isolated
HEK 293T cells were seeded onto coverslips at a nal density @ardiomyocytes or HEK 293T cells were performed at room
25,000 cells/mL. After 24h, jetPEI Transfection Reagery(fes  temperature using an inverted DMI 4000B microscope (Leica
transfection, llikirch, France) was used for transfectB$\CR1-  Microsystems, Wetzlar, Germany), an Axopatch 200B ampli er
eGFP into HEK 293T cells. HEK cells were measured 24—-48ihd an Axon Digidata 1550A (Molecular Devices, San José, CA,

post-transfection. United States). Activation light was delivered by a 525-nnDLE

. . . (Luminus Devices PT-120-G, Sunnyvale, CA, United States)
Cell Isolation and Culturing of Primary using a 530/20x lter and controllestia custom-built hardware
Cardiomyocytes (Essel Research and Development, Toronto, Canada). Light

All rabbit experiments were carried out according to theintensity in the object plane was determined with an optical
guidelines stated in Directive 2010/63/EU of the Europeamower meter (PM100D, Thorlabs; Newton, NJ, United States) and
Parliament on the protection of animals used for scienti cthe illuminated area was determined using a stage micrometer
purposes and approved by the local authorities in BadenfA D 0.8 mn¥). LED-input power was controlled via the custom-
Wirttemberg (X-16/10R). Culturing of isolated ventriculeglls  built LED control unit. If not speci ed otherwise, externalgth)
from rabbit hearts was performed as previously descriliedifal and internal (pipette) standard solutions were usédles 3 4).
Sierra et al., 20)8Rabbits (9-10 weeks old of both sex [3 male,

4 female], totalN D 7) were anesthetized via intramuscular ppotoinhibition Protocol

injection of esketamine hydrochloride (Ketan€& 25 mg/mL, | cyrrent-clamp mode AP were triggered at 0.25 Hz by current
P zer Pharma PFE GmbH, Berlin, Germany; 12.5 mg/kg bodypiection of 509 more than the threshold to elicit an AP using
weight) and xylazine hydrochloride (Romp(in2%, Bayer Vital a current ramp from 0 pA within 10 ms. Light (525 nm for 64,
GmbH, Leverkusen, Germany; 0.2 mL/kg body weight). Duringgzy or 16s at 4 mWnm 2 or 0.4 mWmm 2) was applied after
anesthesia 1,000 units heparin (Heparin-Sodium 5,000 |E./M 15 g|ectrically-triggered AP, and at least 15 AP were remmbrd
B. Braun Melsungen AG, Melsungen, Germany) and 5M@ger jight exposure. AP durations were determined at then20t
esketamine hydrochloride were given intravenously. Thit@e o goth percentile of signal amplitude above resting potendial,

(Thiopental Inresa 0.5g, Inresa Arzneimittel GmbH, Fre®ur ¢ yjier described/ang et al., 2015 Depolarizations with peak
Germany; 12.5 mg/mL) was injected intravenously until apnea, mpjitudes below 0 mV were marked as inhibited.
The heart was excised and rinsed in normal Tyrode solution

(Table 2. The aorta was cannulated, the heart was transferred to, L
a Langendor perfusion setup and perfused with normal TyrodeL'gh_t Tltratlon .
solution to wash out the blood. The heart was then perfuseti witMaximal amplitude of inward currents was measured 80 mV
Ca&C-free cardioplegic solutionTable 2) for 3 more minutes &iter light application for 1, 10, 100, 300 ms at light intesesitof
after the heart had stopped beating, and it was then digestédyd 0-2,0-4,0.7,1,2,4,7,10,and 11 mw *. The dissociation
with enzyme solution Table 9 until the tissue appeared soft cc_mstant }g was calculated by tting the titration curves with a
(45-60 min). Left ventricle and septum were separated and cefftill €quation.
were released by mechanical dissociation in blocking swiut
(Table 2. lon Selectivity Measurements

After digestion cell suspensions were lItrated throughMaximal amplitudes of in- and outward currents were measured
a mesh (pore size [1 mf) and centrifuged for 2min at at dierent holding potentials (cardiomyocytes: 100mV to
22 g (gravitational acceleration). Fibroblasts remainingC60mV in steps of 20mV, HEK cells: 60 mV to C60 mV
in the supernatant were removed and cardiomyocytes wern@ steps of 20 mV) during light exposure (525nm, 300ms, 4
resuspended in blocking solution. After cardiomyocytesls¢t mwW mm 2).
the supernatant was removed and cells were resuspended inFor titration of the Cl concentration, di erent solutions
plating medium (in mM: 5 creatine, 2 L-carnitine hydrochloed (strongly reduced external C] moderately reduced external Cl
5 taurine, 1 sodium pyruvate, plus 0.25 U/L insulin, @  and standard external) were used in combination with staddar
cytosineb-D-arabinofuranoside, 5% FCS, 0.05 mg/mLinternal solution, and the reversal potential was deterrdifrem
gentamycin [gibcG, Grand Island, NY, United States] in the IE curves. Dierent internal solutions (strongly reduced
medium 199). Cardiomyocytes (17,500 cells/mL) were cettur internal CI and moderately reduced internal Ol were tested
on laminin (100mg/mL) coated coverslips. Medium was in combination with standard external solutioiidble 2.
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TABLE 2 | Composition of solutions used for cell isolation.

Normal Tyrode CaZ2C- free cardioplegic Enzyme Blocking
solution solution solution solution

NaCl [mM] 137 137 137 137
KCI (VWR International bvba, Leuven, Belgium) [mM] 14 14 14
HEPES [mM] 10 10 10 10
Creatine [mM] 10 10 10 10
Taurine [mM] 20 20 20 20
Glucose [mM] 10 10 10 10
MgCly [mM] 1 1 1 1
Adenosine [mM] 5 5 5
L-carnitine [mM] 2 2
CaCl, (Honeywell FlukdM, Seelze, Germany) [mM] 1 - 0.1 0.1
Heparin-sodium [units/L] 5,000 -
EGTA (Carl Roth GmbH, Karlsruhe, Germany) [mM] 0.096 0.096 0.096
Collagenase type 2, 315 U/mg (Worthington, Lakewood, NJ, USA[g/L] 0.6
Protease XIV [g/L] 0.03
Bovine serum albumin [%] 0.5
All solutions were adjusted to pH 7.4 at 37C.
TABLE 3 | Composition of bath solutions used in whole-cell patch-clenp experiments.
Components of Standard  Alkaline Strongly Moderately Strongly Moderately Moderately Strongly
external bath solution solution reduced Na © reduced Na © reduced Cl reduced CI increased K increased K €
solution [mM] concentration concentration concentration  concentration concentration concentration
NacCl 140 140 1 12 - 60 140 140
Na-aspartate - - - - 140 80 - -
Tetraethyl- - - 139 127 - - - -
ammoniumchloride
K-aspartate - - - - - - 6.6 21.6
KCI 5.4 5.4 5.4 5.4 5.4 5.4 5.4 5.4
CaCl 1 1 1 1 1 1
MgCl, 2 2 2 2 2 2 2
Glucose 10 10 10 10 10 10 10 10
HEPES/TRIS 10/- -/10 10/- 10/- 10/- 10/- 10/- 10/-
pH 7.4 9 7.4 7.4 7.4 7.4 7.4 7.4

TABLE 4 | Composition of pipette solutions used in whole-cell patchelamp experiments.

Components of internal

Standard solution

Strongly reduced ClI

Moderately reduced CI

(pipette) solutions [mM] concentration concentration
KCI 50 - 11
K-aspartate 80 130 119
MgCly 2 2 2
Mg-ATP 3 3 3
EGTA 10 10 10
HEPES 10 10 10

All solutions were adjusted to pH 7.2.

pH dependency experiments in standard external solution For titration of N&© concentration e ects, three external
(pH D 7.4) were compared with external alkaline solution at pHsolutions (strongly reduced and moderately reduced®Na
concentration, and standard external solutiofgble 3 were

9.0 (Table 3.
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used in combination with standard internal solutiofigble 4). A cmlc2:GtACR1-eGFP plasmid was generated using
Similarly, extracellular K e ects were assessed by exchangingtandard cloning and microbiology techniques combinedhwit
the standard external solution by solutions with eitherosigly  the multisite Gateway system for Tol2 transposon transgenesi
increased or moderately increasefl Koncentration Table 3. (Raerty and Quinn, 201% The % entry plasmid p5E-cmic2
The osmolality of all solutions was determined using aand destination plasmid pDestTol2pA2 were obtained from
semimicro osmometer K-7400 (Knauer AG, Berlin, GermanyDr. lan Scott (University of Toronto, Toronto, Canada). The

and adjusted to 300 5 mOsm with glucose. donor plasmid pME-TA and 3entry plasmid p3E-polyA were
obtained from Dr. Jason Berman (Dalhousie University, Halifa
Peak Current Recovery Canada). To generate the middle entry plasmid, the sequence

Cardiomyocytes were clamped atsOmV and peak current of the L13_CMV_GtACR1-eGFP plasmid was con rmed (using
amplitudes were recorded while optically stimulating for 820  primers CMV_Forward: $CGCAAATGGGCGGTAGGCGTG-
at 11 mWmm?Z. In dual-stimulation experiments peak recovery30 and EGFP-C-REV: BETTCAGGGGGAGGTGTG-3 and
was probed by increasing dark intervals in-between stimmalif  then GtACR1-eGFP was ampli ed out of the plasmid using

1t020s, in1-s steps. polymerase chain reaction (PCR) with primers GtACR1_for:
. , 52GCCACCATGAGCAGCATTAC-8 and EGFP-stop_rev:
Optical Pacing 5.TTTACTTGTACAGCTCGTCCAT-8 The GtACR1-eGFP

Cardiomyocyte membrane potential was recorded in <_:urr_eanR product, puried using a Gel Extraction Kit (QIAEX
clamp mode at 0 pA. Myocytes were paced at 0.25Hz with ligh§ - jagen: Hilden, Germany) and with the addition of a
pulses of 10 ms using either the threshold light intensiRiA¢,, polyA (pA) tail was ligated into pME-TA to generate the

minimal Iig_ht intensity for 100% capture) or twice the thresth | iqq1e entry plasmid pME-GtACR1-eGFP-pA, which was then
light intensity (/A2 thr)- subjected to restriction digest and sequencing (using prime

S L th M t M13F(-21): 3TGTAAAACGACGGCCAGT-8 GtACR1, and

ar(,:omere eng ) easurements ) EGFP_stop_rev). An expression plasmid was then generated by

pardlomyocyte contractions were followeq by detectinggjes ligating pSE-cmic2, pME-GtACR1-eGFP-pA, and p3E-polyA
in sarcomere length as previously describ@eyronnet et al., i1 hpestTol2pA2. Restriction digest and sequencing (using
2017. C_ardmmyocytes were |mage_d with a MyoCam-S camerarimerS T7: BTAATACGACTCACTATAGGG-® and EGEP-
(lonOptix, Dublin, Ireland) on an inverted microscope (DM gy, yey) con rmed the sequence of isolated expression pthsmi
IRBE, Leica Microsystems, Wetzlar, Germany). Sarcomerélengy\a~  The cmic2-GtACR1-eGFP-pA-pDestTol2pA2  DNA

was calculated in real time by a Fast Fourier Transform of thg oo puri ed with a PCR Puri cation Kit (QIAquick, Qiagen)
power spectrum c_)f the striation pattern (IonWizgrd, lonOptix). before microinjection of 22.7 ngl. DNA and 16 ngfrL Tol2
Cells were eld stimulated at 14-15 V/0.25 Hz with a Myopacet, o spasase mRNA into one-cell stage Casper zebra sh embryos.

(lonOptix). For the contraction inhibition protocol, a lightulse Injected sh were screened for successful gene transduttjo

of 52_5 nm was applied fo_r 64 . For OP, light puls_,es of 10ms WEKGFP expression using a uorescent microscope (MZ16F, Leica;
applied at 0.25 Hz. Resting sarcomere length, time to peak, tiMRetzlar Germany).

to 90% relaxation, fractional sarcomere shortening, maxim
velocity of contraction and relaxation were analyzed asriteesd

before Peyronnet etal., 20}.7 Zebra sh Isolated Heart Preparation

. Hearts were isolated from 3-month post fertilization (mpf)
Confoca_l I\/IICfOSC_Opy of GIACR1-eGFP zebra sh expressing GtACR1-eGFP as previously described
Expressing Cardiomyocytes (Stoyek et al., 2016, 2018; MacDonald et al., RORiBh were
Transduced cardiomyocytes were washed two times witBnesthetized in Tris-bu ered (pH 7.4, BP152, Fisher Scienti
Dulbecco's Phosphate Bu ered Saline (PBS). Ice-cold acetase Hampton, United States) tricaine (1.5mM MS-222) in room
added, the samples were kept for 5min a20 C and washed temperature tank water until opercular movements ceased and
again with PBS. Cells on coverslips were xed with Mountantthe animals lacked response to n pinch with forceps. A midline
Perma Fluor (Thermo Fisher Scientic) and ipped onto an incision was made through the ventral body wall and tissues
object slide. The mounted samples were imaged with a confocgf the ventral aorta, ventricle, atrium, and venous sinuseve
laser-scanning microscope (LSM 880; Carl Zeiss Microscopyemoved, pinned into a 15mL dish lined with Sylgard (DC

Oberkochen, Germany). 170, Dow Corning; Midland, United States) containing Tyrode's
. solution (in mM: 142 NaCl, 4.7 KCI, 1 Mgg&l 1.8 CaCl,

Generation of cmlc2:GtACR1-eGFP 10 Glucose, 10 HEPES) of an osmolality of 3066 mOsm

Transgenic Zebra sh checked with an osmometer (Model 50mDsmette, Precision

All experimental procedures in zebra sh were approved by theSystems; Natick, United States) and with pH titrated to 7.4 wit
Dalhousie University Committee for Laboratory Animals andNaOH. In addition, 10mM ( )-blebbistatin (B592490, Toronto
followed the guidelines of the Canadian Council on AnimalResearch Chemicals; Toronto, Canada), a myosin inhibitor used
Care. Details of experimental protocols are reported followindor excitation-contraction uncoupling was added to the bath

the Minimum Information about a Cardiac Electrophysiology eliminate contraction for stability of intracellular micetectrode
Experiment (MICEE) reporting standard)uinn et al., 201). recordings.
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Intracellular Microelectrode Recordings of of HR, Er, upstroke velocity (B/dtmay), AP amplitude (ARmp),
Zebra sh Ventricular Myocyte Membrane APDsg and APDyo were averaged over three consecutive heart
Potential beats before and during light stimulation. Light intensiiyas

easured at the end of the experiment using a USB power meter

Intracellular microelectrode recordings were performed a PM16-120, Thorlabs; Newton, United States).

previously describedSmith et al., 201 Microelectrodes made
from borosilicate glass tubing (0.5 mm inner diameter, 1rfim
outer diameter, with internal lament; type BF/100/50/10, Confocal Microscopy of Ventricular

Sutter Instruments; Novato, United States) were pulled oemlc2:GtACR1-eGFP Expression

a Brown/Flaming micropipette puller (Model P97, Sutter GtACR1-eGFP expression in the ventricle was investigated
Instruments) to tip diameters resulting in a 40-60 Mesistance in two subsets of zebrash isolated hearts by confocal
when lled with 3M KCI. Electrodes were coupled to the microscopy. The rst subset included specimens from actorati
headstage of an ampli er (Model 1600 Neuroprobe Ampli er, of GtACR1 in zebra sh isolated heart experiments. In this grou
AIM Systems; Everett, United States) operated in curreninmediately following the activation experiment isolated figa
clamp mode with an electrode holder (ESW-M10N, Warnefwere immersed in 2% methyl-cellulose on a depression slide,
Instruments; Hamden, United States). Electrodes were ambdn put under a cover slip, and GFP expression imaged. In the
with a mechanical manipulator (MX/4, Narishige; Tokyo, Japankecond subset, whole hearts were labeled with an antibagstg
into the ventricular epicardium. Before cell penetrationeth GFp (1:100, PA1-980A, Thermo Fisher Scientic; Waltham,
tip potential of the electrode was nulled using the bridgeynited States) to enhance the signal associated with the
controls of the intracellular amplier with the electrodepti eGFP tagged to ACR1. Tissues were xed overnight in 2%
in the bath. At the end of a recording, the microelectrodeparaformaldehyde (RT-15710, Electron Microscopy Sciences;
was withdrawn from the cell, the null potential was checkedHat eld, United States) with 1% dimethyl sulfoxide in phosphate-
and the previous data adjusted if necessary. Transmembramng ered saline (PBS, in mM): 140 NaCl, 50 MPO;4, with
potential was taken as the dierence between the potentighH titrated to 7.2 with NaOH. Fixed tissues were rinsed in
measured in the bath with a silver/silver-chloride lead ahd  pBS, and then incubated with primary GFP-antibody diluted in
intracellular potential. Successful impalement was sighéle 5 solution containing 0.1% Triton X-100 in PBS (PBS-T) for
a sudden step of the electrode potential to a negative valugeh at room temperature with gentle agitation. Tissues were
Criteria for accepting a cell were AP with a stable restinghen rinsed and transferred to a solution of PBS-T contagnin
membrane potentialfg) < 60mV and an AP peak OmV  anti-rabbit AlexaFluor 488 (1:200, A-21206, Life Techgas;
that were maintained throughout the recording. Transmeate  Carlsbad, United States) for 24h at room temperature with
potential was recorded at 10 kHz using a software-contral@@d  gentle agitation. Final rinsing was done with PBS and specimen
acquisition system (LabChart and PowerLab, ADInstrumentsyere placed in Scale CUBIC-1 clearing solutiGugaki et al.,

Sydney, Australia). 2019 overnight at room temperature with gentle agitation.
Tissues were mounted on glass slides in CUBIC-1 for confocal

Activation of GtACR1 in Zebra sh Isolated microscopy.

Hearts In both subsets, processed specimens were examined as

Experiments were performed in zebra sh isolated hearts ana\/hole-mounts using an LSM 510 confocal microscope (Carkzeis

intact zebra sh larvae at room temperature using an uprightM'CrOSCOpy) with 2 10, 0.45 NA objective (Plan-Apochromat

microscope (BX51WI, Olympus; Shinjuku, Japan). Light fO|SF25’ C_arl Zeiss)ora_250.80 NAObJ:e.CtiV? (Ll PIa_n-Neo uar,
activation of GtACR1 was delivered by a white LED (CFT-90-wC2! Z€iss). Preparations were epi-illuminated with a 488 nm
Luminus Devices; Sunnyvale, USA) through a 531/22 nm lteAr90N Ia}ser re eF:ted by a 488nm dichroic mirror ('__":T 488;
(FF02-531/22, Semrock; Rochester, USA) focused on thelentri Gl Z€iss). Emitted uorescence was coIIecteq using a 500
with a 10X (for isolated hearts) or 20X (for zebra sh Iarvae)530 nm band-pass lter (Ca_rl zeiss AG)' Co_n focallmgge Z-stacks
water-immersion objective (UMPLFLN 10XW or XLUMPLFLN "anging from 20 to 5@mm in depth, including a region of 2—

20XW, Olympus). The microscope eld stop was set at the? ™M above and below the rggiqn .o.f inj[erest (to ensure that all
smallest aperture to produce a 0.16 spot with an intensity structures were captured, while I',m't'ng issues of light eratg) )
of 1-5 mW/mn?. Light application was either sustained for were acquwed and pro_ces_sed using Zer_1200_9 software (Cas)Zeis
155 or pulsed for 10ms at a rate 2sinus heart rate (HR) from regions surrounding immunoreactive tissues.

in regions displaying high or no eGFP expression, checked

with 466/40nm excitation (FF01-466/40, Semrock), 495nnData Analysis

dichroic (FF495-Di03, Semrock), and 525/50 nm (ET525/50nData was analyzed with pClamp 11, lonWizard, OriginPro, and
Chroma Technology; Bellows Falls, United States) Iters. @B w with custom routines in Matlab. For unpaired datasets the non
compared to EP at the same rate applied extracellularly by garametric Mann-Whitney-test was applied. The Wilcoxon-test
pair of silver wire electrodes on either side of the heart cedpl and two-tailed paired Studentttest were used to pair-wise
to a constant current stimulus isolation unit (PSIU6D, Grasscompare two datasets. For more than two datasets ANOVA one-
Technologies; West Warwick, USA) driven by 10 ms rectangulavay repeatedgosthoctest: Tukey or Dunnett) was used.pA<
pulses from a waveform generator (S44, Grass). Measuremeft5 was taken to indicate a signi cant di erence betweennsea
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Supplementary Figure 1 | (A) IE relationship of GtACR1 currents at various
RK, TQ, PK and FS-W designed the experiments. RK, JB, SR, RiMgmal chioride concentrations in HEK 293T cellsi(D 7-12).(B) IE relationship of
CZ-J,SP,MS, FS, TQ and FS-W performed the experiments aﬁ:&-\CRl currents at various external K concentrations in HEK 293T cellst{ D
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manuscrlpt a_nd deS|gned the gures. All authors approved th%t pH 7.4 and pH 9.0 (h D 17-20, N D 4). (E) Change of resting membrane
nal manuscript. potential during electrical and optical pacing of cardiomgcytes. Mann-Whitney
test: p > 0.05 (n.s.), Wilcoxon testp < 0.01 ( ,nD 10, N D 2). (F) Change of
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