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Abstract

This dissertation constitutes a series of successive research papers, starting with the
characterization of various optogenetic tools up to the establishment of purely optical

electrophysiology in living animals.

Optogenetics has revolutionized neurobiology as it allows stimulation of excitable
cells with exceptionally high spatiotemporal resolution. To cope with the increasing
complexity of research issues and accompanying demands on experimental design, the
broadening of the optogenetic toolbox is indispensable. Therefore, one goal was to establish
a wide variety of novel rhodopsin-based actuators and characterize them, among others, with
respect to their spectral properties, kinetics, and efficacy using behavioral experiments in
Caenorhabditis elegans. During these studies, the applicability of highly potent de- and
hyperpolarizers with adapted spectral properties, altered ion specificity, strongly slowed off-
kinetics, and inverted functionality was successfully demonstrated. Inhibitory anion
channelrhodopsins (ACRs) stood out, filling the gap of long-sought equivalent
hyperpolarizing tools, and could be convincingly applied in a tandem configuration combined
with the red-shifted depolarizer Chrimson for bidirectional stimulation (Bidirectional Pair of
Opsins for Light-induced Excitation and Silencing, BiPOLES). A parallel study aimed to
compare various rhodopsin-based genetically encoded voltage indicators (GEVIs) in the
worm: In addition to electrochromic FRET-based GEVIs that use lower excitation intensity,
QuasAr2 was particularly convincing in terms of voltage sensitivity and photostability in
C. elegans. However, classical optogenetic approaches are quite static and only allow
perturbation of neural activity. Therefore, QuasAr2 and BiPOLES were combined in a closed-
loop feedback control system to implement the first proof-of-concept all-optical voltage
clamp to date, termed the optogenetic voltage clamp (OVC). Here, an I-controller generates
feedback of light wavelengths to bidirectionally stimulate BiPOLES and keep QuasAr’s
fluorescence at a desired level. The OVC was established in body wall muscles and various
types of neurons in C. elegans and transferred to rat hippocampal slice culture. In the worm,
it allowed to assess altered cellular physiology of mutants and Ca%*-channel characteristics as

well as dynamical clamping of distinct action potentials and associated behavior.



Ultimately, the optogenetic actuators and sensors implemented in the course of this
cumulative work enabled to synergistically combine the advantages of imaging- and
electrode-based techniques, thus providing the basis for noninvasive, optical
electrophysiology in behaving animals.



Deutsche Zusammenfassung?

Die Entwicklung der Optogenetik revolutionierte die Neurobiologie, indem sie durch den
Einsatz lichtempfindlicher Ionenkandle (Rhodopsine) eine zeitlich und raumlich héchst
prazise Ansteuerung von erregbaren Zellen ermdglicht. Sie kommt damit dem Hauptanliegen
der Neurowissenschaften nach, die kausalen Zusammenhange zwischen neuronaler Aktivitat
und den daraus resultierenden Verhaltensmustern aufzuklaren2. Um diese Verbindungen zu
identifizieren, bietet das optogenetische Repertoire sowohl Aktuatoren fiir die Modulation
elektrischer Aktivitat als auch Proteinsensoren, die diese Aktivititsdynamik durch
Verdanderung ihrer Fluoreszenz verldsslich wiedergeben und eine Aufzeichnung erméglichen.
Alle im Rahmen dieses Forschungsvorhabens implementierten, entwickelten oder
kombinierten Werkzeuge sind Rhodopsin-basierte Proteine, welche u. a. hinsichtlich ihrer
Ionenselektivitdt, Kinetik, Leitfahigkeit und/oder spektralen Eigenschaften variieren. Jene
Vielfalt an Charakteristika erlaubt einen mafigeschneiderten Einsatz fiir spezifische
Fragestellungen. Einhergehend mit der jeweiligen Versuchsplanung, gewinnen diese jedoch
immer weiter an Komplexitat. Daher besteht ein grofies Interesse, die bestehende
optogenetische Toolbox zu erweitern - sei es durch gezieltes Protein-Engineering oder der
Isolation neuer, natiirlicher Varianten. Klassische optogenetische Experimente beschranken
sich in der Regel auf ein einzelnes optogenetisches Tool, um die Aktivitit der Zelle zu
stimulieren oder zu inhibieren. Dieser Versuchsaufbau ruft jedoch lediglich eine Stérung der
Aktivitat hervor, da der umschliefRende neuronale Schaltkreis nicht daran gehindert wird,
durch Anpassung seinerseits, Einfluss auf die betreffende Zelle zu nehmen. Echte Kontrolle
und Steuerung wird erst durch ein Riickkopplungssystem (Closed-Loop Feedback Control)
erreicht, wie es beispielsweise bei der elektrophysiologischen Spannungsklemme (Voltage
Clamp) zum Einsatz kommt3# Geringer Durchsatz, hohe Invasivitit und technischer
Anspruch limitieren jedoch die Anwendbarkeit der Spannungsklemme, vor allem im Hinblick
auf kleine Modellorganismen wie C. elegans>-7. Hier geht die Patch-Clamp Technik mit einer
aufwandigen Sezierung einher, was die Messung auf wenige Minuten begrenzt und folglich
als nicht vollstandig physiologisch angesehen werden kann. Sie ist zudem nicht im frei
beweglichen Tier anwendbar. Die optische Umsetzung der Spannungsklemme bedarf zweier
gegenlaufiger optogenetischer Werkzeuge fiir bidirektionale Steuerung in Kombination mit

einem dritten flr die Aufzeichnung des Membranpotentials®. Ein solches Projekt verdeutlicht
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die Anforderungen an die Vielfalt des Werkzeugkastens: Es wird nicht nur ein ebenbiirtig
leistungsfahiges und hocheffizientes Aktuatorenpaar benétigt, sondern auch insgesamt drei
spektral unabhéngig ansteuerbare Rhodopsine.

Diese Dissertation besteht daher aus einer Reihe von aufeinander aufbauenden
Forschungsarbeiten, beginnend mit der Charakterisierung einer breiten Palette von de- und
hyperpolarisierenden Werkzeugen, insbesondere der hocheffizienten hyperpolarisierenden
Anionenkanalrhodopsine (ACRs) und des bidirektionalen Tandemproteins BiPOLES,
bestehend aus ACRZ und dem Depolarisator Chrimson in C. elegans®1% In einer weiteren
Studie wurden mehrere genetisch kodierte Spannungsindikatoren (GEVIs) auf
Rhodopsinbasis fiir die Verwendung in C. elegans implementiert und hinsichtlich ihrer
Spannungsempfindlichkeit und Gesamtleistung bewertet!>16, Auf der Grundlage der
Ergebnisse dieser ersten Studien wurden geeignete Werkzeuge, namlich BiPOLES fiir die
Aktivierung und QuasAr2 fiir die Spannungsaufzeichnung, ausgewahlt und in ein Live- und
Closed-Loop-Feedback-Kontrollsystem eingebettet. Dieses System zielt darauf ab, die
Nichtinvasivitdt von Bildgebungsmethoden mit den Kontrolleigenschaften der klassischen
Spannungsklemme zu vereinen, woraus die optogenetische Spannungsklemme oder kurz
OVC entstand®. Im Folgenden werden die Ergebnisse zusammenfassend in deutscher Sprache

aufgefiihrt.

In einer initialen Studie wurde eine Vielfalt an neuen optogenetischen Werkzeugen in
C. elegans vergleichend getestet und charakterisiert®. Mittels Verhaltens-Assays, die auf der
durch  Lichtstimulation verdnderten Korperlinge und dem  beeintrachtigten
Schwimmverhalten der Tiere aufbauen, konnten wesentliche Eigenschaften, wie etwa
Aktionsspektren, Kinetik, repetitive Stimulierbarkeit und Gesamtleistung abgeleitet werden.
Sogenannte Step-Function Opsine, bei denen Mutationen im zentralen DC-Gate vorgenommen
wurden (Aminosduren D156 und C128)17, zeigten eine mafdgeblich verlangsamte
Schliefdkinetik, was durch die Expression in den Koérperwandmuskeln zu minuten- bis
stundenlang anhaltender Muskelkontraktion fiihrte. Getestet wurden die Channelrhodopsin-
2 (ChR-2) Mutanten ChR2(C128S;H134R), QUINT: ChR2(C128S;L132C;H134R;D156A;
T159C), sowie die XXL-Mutante!® ChR2(H134R;D156C). Neben erhohter Stabilitit bei
Unterbrechung der Retinal- (ATR)-Supplementierung im Vergleich zur vormals getesteten
Einzelmutante ChR2(C128S)1%, konnten Verbesserungen in der repetitiven Stimulierbarkeit
festgestellt werden. Auf Seiten der hyperpolarisierenden Werkzeuge wurden Varianten der
durch Protein-Engineering generierten Chlorid-leitenden Channelrhodopsine (ChloCs)?° und
natiirlich isolierte Anionenkanalrhodopsine (ACRs)?! evaluiert, sowie bei Letzteren die
homologen Step-Function Mutationen eingefiihrt. Hierbei konnten vor allem ACR1 und ACR2
liberzeugen, wobei die erzielten Effekte, die der ChloCs um ein Vielfaches iibertrumpften. Die
gemessenen Photostrome waren zudem 10-mal starker als bei der herkdmmlich eingesetzten

lonenpumpe Halorhodopsin. Die zu den Kationenkanalrhodopsinen homologen Step-
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Function Mutationen konnten bei den ACRs eine verlangsamte Kinetik hervorrufen, blieben
jedoch hinter den zuvor analysierten Kationenkanalrhodopsinen zuriick. Die Lichtsensitivitat
der XXL-Mutante sowie der ACRs konnte die der in C. elegans meistverwendeten ChR2
Variante ChR2(H134R) um das bis zu 120-fache iibertreffen. Eine nachfolgende Studie
erweiterte das optogenetische Repertoire abermals mit der Implementierung eines artifiziell
invertierten ChR210, Die topologische Invertierung erfolgte mittels der Fusion einer ChR
Variante (ChR2(E123T;H134R;T159C)) an die verkiirzte Transmembranhelix von
Neurexin-1 beta und der Einfithrung positiv geladener Aminosauren in der Linkerregion. Es
resultierte ein hyperpolarisierendes Tool (Full-length-inverted-channelrhodopsin-
2/FLInChR), das entgegen seines Ausgangsproteins nicht mehr als Kanal, sondern als
rotverschobene, lichtaktivierbare lonenpumpe agierte. Zudem lieferte die Herangehensweise
der topologischen Invertierung Einblick in Struktur-Funktions-Zusammenhange von
Rhodopsinen. Wie die zuvor aufgefiihrten optogenetischen Tools, wurde auch FLInChR tiber
Korperlangenmessung unter Lichtstimulation in C. elegans implementiert und
charakterisiert. Da fiir manche Versuchsanordnungen, gerade im Hinblick auf die Umsetzung
rein optischer Elektrophysiologie, mehr als ein einzelnes Werkzeug von Noéten ist, wurde in
einer weiteren Studie ein bidirektional agierendes Tandemprotein entwickelt!l. BIPOLES
wurde aus dem Hyperpolarisierer ACR2 und dem Depolarisierer Chrimson zusammengesetzt,
wodurch ihre geringe spektrale Uberlappung eine spezifische und weitestgehend
unabhdngige Stimulation mit zwei Lichtwellenldngen ermoglicht. Zudem weisen sie eine
dhnliche Effizienz sowie hohe Sensitivitat auf und konnten erfolgreich in gleich mehreren

Modellorganismen etabliert werden.

Die hier aufgefiihrten Studien zur Erweiterung der optogenetischen Toolbox
umfassten nicht nur optogenetische Aktuatoren (de- und hyperpolarisierende Werkzeuge),
sondern auch die Etablierung verschiedenster genetisch kodierter Spannungssensoren
(GEVIs) in C. elegans's. Diese unterteilten sich in eFRET- (electrochromic FRET-) basierte
Sensoren?Z und solche, bei denen die spannungsabhdngige Fluoreszenz des Kofaktors Retinal
direkt ausgelesen wird. Messungen mit den eFRET GEVIs MacQ-mCitrine und QuasAr-
mOrange benotigten weitaus geringere Anregungsintensititen und konnten mittels
simultaner elektrophysiologischer ,sharp electrode“ Messungen im Pharynx kalibriert
werden. Der Austausch von ATR gegen das Analogon Dimethylaminoretinal (DMAR) hatte
eine um 250-fach erhohte Helligkeit der Fluoreszenz zu Folge. Die von Archaerhodopsin
abgeleiteten GEVIs Arch(D95N), QuasAr2 und Archon wurden in Kérperwandmuskeln und
den RIM-Neuronen exprimiert. Die Anregung mittels eines roten Lasers erlaubte die
Beobachtung der Spannungsdynamik und von Aktionspotentialen in diesen Geweben sowie
der durch koexprimiertes ChR2 oder ACRZ hervorgerufenen De- oder Hyperpolarisation.
Weiterhin konnten im Pharynx durch den Einsatz der GEVIs sowohl Unterschiede in der

Muskeldepolarisation einer Ca?*-Kanal Mutante im Vergleich zum Wildtyp aufgedeckt als



auch eine rein optische Ableitung von kompartmentalisierten Repolarisationsevents

durchgefiihrt werden (optisches Elektopharyngeogramm).

Basierend auf den zuvor aufgefiihrten Publikationen konnten die geeignetsten
Werkzeuge fiir direkte Anwendungen im Wurm, sowie zur Methodenentwicklung in Bezug
aufrein optische Elektrophysiologie ausgewahlt werden. So konnte das zuvor etablierte ACR1
im Zusammenspiel mit Calcium-Imaging dazu beitragen, die Rolle von AS-Motoneuronen im
Bewegungsablauf von C. elegans aufzuklaren!*. Der Einsatz von ebenfalls zuvor etablierten
Spannungssensoren half dabei, Teilaspekte jener Maschinerie zu untersuchen, die fiir die
synaptische Vesikelfusion in C. elegans verantwortlich sind6. Den grofdten Einfluss hatten die
Studien zur Etablierung neuer optogenetischer Werkzeuge jedoch auf die Entwicklung der
optogenetischen Spannungsklemme?. Durch die Kombination von BiPOLES mit QuasAr2, dem
Spannungssensor, der am besten in der vorausgegangenen Studie abschnitt, waren die
molekularen Grundlagen zur Etablierung der OVC gesetzt. Dabei war es wichtig, den Sensor
mit der grofiten Spannungsempfindlichkeit zu wdahlen, um mogliche unerwiinschte
Bewegungsartefakte zu kompensieren, da die Riickkopplungssteuerung empfindlich auf
kleine Anderungen des Membranpotenzials reagiert. Die spannungsabhingige Fluoreszenz
des Proteins wird bei der OVC-Technologie iiber eine empfindliche (sCMOS- oder EMCCD-)
Kamera aufgezeichnet, die Grauwerte in einen Regelalgorithmus einspeist, der aus einem
Integralregler und einem Entscheidungsbaum-Algorithmus besteht: Der vorgewahlte
Fluoreszenz-Haltewert wird mit dem tatsachlichen Fluoreszenzniveau zu jedem Zeitpunkt
verglichen. Auf der Grundlage der daraus resultierenden Abweichung wird die Wellenldange
eines Monochromators angepasst und im Hinblick auf die Grof3e der Abweichung verstarkt,
wodurch die Fluoreszenz in engen Grenzen gehalten wird. Das Vorzeichen der Abweichung
zu jedem Zeitpunkt bestimmt, ob die Wellenldnge erhoht oder verringert wird. Dies wird
durch den Entscheidungsbaum-Algorithmus verarbeitet und basiert auf den Spezifikationen
der verwendeten optogenetischen Werkzeuge. Dariiber hinaus wird eine vorangehende
Kalibrierungsphase jeder OVC-Aufnahme genutzt, um das Bleichverhalten von QuasAr2
abzuschitzen, wobei die tatsdchlichen Fluoreszenzwerte fiir die Dauer der Messung in
Echtzeit geschitzt werden. Das Tandemprotein BiPOLES wird nun genutzt, um eine
Wellenlangenriickkopplung an die betreffende Zelle zu {bertragen und ihr
Membranpotenzial auf einem gewiinschten Niveau zu halten. Aufgrund der geringen
spektralen Uberlappung von ACR2 wund Chrimson und {ibereinstimmenden
Photostromamplituden, ist die Verwendung von BiPOLES pradestiniert fiir eine rein optische
und bidirektionale Lenkung des Membranpotentials, die eine unabhédngige, zweifarbige
Aktivititsmodulation ermdéglicht. Obwohl sie vergleichbare Absorptionsmaxima aufweisen,
wird die spektrale Uberlagerung zwischen QuasAr2 und Chrimson durch die Anwendung
einer kompensierenden Wellenldnge zu Beginn jeder Messung tberbriickt. Dariiber hinaus
garantiert der Tandemcharakter von BiPOLES ein festes 1:1-Verhdltnis der

Expressionsniveaus der beiden Aktuatoren und iiberwindet anfangliche Leistungsprobleme
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bei unausgewogener getrennter Expression. Die Kalibrierung des OVC-Systems erfolgte
durch gleichzeitige Patch-Clamp-Aufzeichnungen, die die Feedback-Wellenldnge mit den
Stromen und die Fluoreszenzwerte mit der Membranspannung in Beziehung setzten und den
durch die OVC zuganglichen Spannungsbereich aufzeigten. Dies ermoglichte es unter
anderem, die Beziehungen zwischen optischer Wellenldnge-Fluoreszenz- in echte Strom-
Spannungs-Beziehungen (I-V) zu tbersetzen. Auf diese Weise ermoglicht die OVC die
Evaluierung veranderter Zellphysiologie in Mutanten in &hnlicher Weise wie ihr
elektrophysiologisches Gegenstiick. Auch die Untersuchung der veranderten Eigenschaften
einer Ca?*-Kanal-Mutante konnte mittels durch OVC-Messungen gewonnenen optischen I-V-
Kurven durchgefiihrt werden. Der Umfang der OVC-Software ermdglichte aufierdem die
dynamische Unterdriickung einzelner Aktionspotentiale, die Einstellung des gewiinschten
Fluoreszenzlevels wahrend der Messung, sowie die Verwendung der OVC-Komponenten als

optisches Pendant zur Current-Clamp-Methode.

Zusammenfassend ermoglichte die hier aufgefiihrte Serie an Publikationen zur
Erweiterung des optogenetischen Repertoires die Entwicklung des ersten
Grundsatzbeweises einer rein optischen Spannungsklemme. Diese ebnet den Weg fiir echte
optogenetische Kontrolle in sich frei verhaltenden Tieren wie C. elegans. Zudem ist eine
dynamische Responsivitdat auch im Hinblick auf kiinftige therapeutische Anwendungen von
Vorteil, z. B. bei der akuten Kontrolle von Krampfanfillen oder bei der adaptiven
Tiefenhirnstimulation, da sie eine Anpassung der Therapie an die Bediirfnisse des Patienten

erlauben konnte.
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1. Introduction

1.1 Objectives and motivation

The major objective of this dissertation was to broaden the applicability and scope of the
optogenetic toolbox and, ultimately, to implement an in vivo all-optical adaptation of the
electrophysiological voltage clamp. Therefore, novel rhodopsin-based optogenetic tools were
first implemented and characterized in the model organism Caenorhabditis elegans and then
evaluated for their suitability in purely optical electrophysiology.

One major issue in neuroscience is to relate the activity of neurons of interest with the
behavior they drive, i.e., the causal basis of neuronal computation and behavior!2. To identify
those connections, techniques for both, targeted control with high spatiotemporal resolution
and methods that allow recording of neural activity are required?324 Rhodopsin-based
optogenetic tools vary among others in terms of ion selectivity, kinetics, conductivity, and
spectral properties17.20.21.25-28 This allows to select custom-fit tools for specific experiments
from a wide range of options. As applications successively gain in complexity, there is an
ongoing need for further optimization and adaptation of existing or isolation of novel natural
occurring rhodopsins. Standard optogenetic experiments traditionally involve a single
optogenetic tool, expressed in an excitable cell of interest, to stimulate or inhibit the cell’s
activity by light. However, this type of experiment allows only a perturbation of neuronal
activity and no true control, since the enclosing circuit is still able to adapt, and to exert an
influence on the neuron under investigation. To exclude those undesired modulations, the
membrane voltage must be held at a pre-selected level, which is the general principle of the
voltage clamp technique in electrophysiology3#. Nevertheless, standard electrophysiology is
limited by its invasiveness and technical demand>-7. Optical adaptation of this technique
requires two opposing optogenetic tools for bidirectional stimulation of voltage dynamics
along with a third one for voltage recording®. Such a project illustrates the requirements made
on the variety of the toolbox: Not only an equally performing and highly efficient actuation

pair is needed, but also a total of three spectrally independent controllable rhodopsins.
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Therefore, this dissertation displays a series of consecutive research efforts (Fig. 1),
starting from the characterization of a broad range of de- and hyperpolarizing tools,
especially the highly efficient hyperpolarizing anion channelrhodopsins (ACRs) and the
bidirectional tandem protein BiPOLES (Movie 1), consisting of ACR2 and the depolarizer
Chrimson in C. elegans®-14. A further study involved the implementation of several
rhodopsin-based genetically encoded voltage indicators (GEVIs) for use in C. elegans and
evaluation regarding their voltage sensitivity and overall performance>16. Based on the
findings of these initial studies, appropriate tools - namely BiPOLES for actuation and
QuasAr2 for voltage recording (Movie 2) - were selected and embedded in a live and
closed-loop feedback control system aiming to synergize the non-invasiveness of imaging
methods with the control capabilities of traditional voltage clamp recordings - the
optogenetic voltage clamp (OVC)8 The OVC was established in various muscular and
neuronal tissues of the worm and in rat hippocampal organotypic slices. In C. elegans, it
was optimized to provide insight into the nature and influence of mutations in proteins
affecting neuronal excitability and synaptic transmission, allowing to deduce purely optical
[-V relationships as well as dynamical suppression of action potentials (APs) and

associated behaviors (Movie 3).
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Figure 1. Timeline of publications in the scope of this dissertation8-16, Publications are listed
according to their year of publication and content (optogenetic actuators, voltage sensors, application in
C. elegans). Arrows indicate which publications are based on each other (first submission of OVC paper
in 2021).
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1.2 Expanding the optogenetic toolbox: Microbial rhodopsins to
stimulate and record neural activity

Optogenetics has revolutionized neurobiology as it allows targeted control over neural
function with high spatiotemporal precision2°-32. The method employs light to selectively
target genetically modified excitable cells, expressing light-sensing ion channels,
transporters, or enzymes??33. In contrast to these benefits, previously used
microelectrodes were strongly lacking cell specificity and led to substantial damage in
model animals. Further to that, the multicomponent character of the first light-based
applications limited temporal resolution and specificity, both being central aspects when
investigating neural activity33. This long-awaited approach of turning individual cells
sensitive to light, while leaving others unaffected, eventually led to the development of

optogenetics33.

Depending on the scientific interest, researchers can now select from a wide range

of specialized tools (Fig. 2).
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Figure 2. Overview of some of the most relevant channelrhodopsin-based tools listed by their
initial description and spectral properties. Color coding further subdivides the tools shown by de- or
hyperpolarizing characteristics (orange or blue outline respectively) and the purpose of the genetic
manipulation (purple: enhanced photocurrents, red: modified kinetics, green: shift in absorption
spectra, and yellow: ion selectivity resp. channel topology). * Tools covered by this project.

Combining methods from optics and genetics, the technology allows activation, inhibition,
and observation of electrical activity and can be applied in both, cell culture and freely
behaving animal models. Within the last two decades, numerous optogenetic tools have
been isolated, engineered, and optimized to meet experimental demands with increasing
precision32, Most significant among these tools are microbial opsins, on which the present

work is based. Considering the nervous system as a highly complex (chemo-) electrical
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circuit, those light-activatable ion pumps and channels allow a precise switching of
specifically targeted excitable cells, such as neurons or groups of neurons, by modulating
their membrane potential. Further, some of these rhodopsin-based proteins - GEVIs - can
be utilized to sense and translate voltage dynamics into observable changes of their

fluorescence yield?2.34-40,

The following chapters discuss the functionality and versatility of rhodopsin-based
optogenetic tools and shed light on the extent to which the tools addressed are suitable for
the ultimate goal of all-optical electrophysiology.

1.3 Optogenetic tools for de- and hyperpolarization

All domains of life developed mechanisms to sense electromagnetic radiation, which
allows them to adapt to their environment. In this regard, organisms evolved phototaxis as
a mechanism to respond with directed locomotory movement to light stimuli, where
investigation led to the discovery of the cation channelrhodopsins41-43, Contrary to animal
opsins (visual pigments) of higher eukaryotes (type II), that act as G protein-coupled
receptors, channelrhodopsins belong to the superfamily of microbial opsins (type I), that
are considered here, and function as light-dependent ion channels*4. Next to ion channels,
this protein family also includes proton and ion pumps. All types comprise seven
transmembrane helices (TMHs)4445, Their co-factor retinal, which serves as the actual
photon sensor of the holoprotein, binds covalently to TMH 7 via a lysine residue resulting
in a protonated Schiff base. Upon absorption of a photon, retinal undergoes isomerization
from all-trans to 13-cis configuration, which in turn induces a conformational change of the
protein, leading to channel opening and passive ion transport over the membrane or active,

vectorial ion transport via pumping activity*e.

Channelrhodopsin-2 and Halorhodopsin are two of the most frequently used
rhodopsin-based optogenetic tools to date, providing both de- and hyperpolarizing
currents, i.e., activation and inhibition, respectively. For more complex problems, however,
many factors are decisive: the kinetics of the tool used, the spectral properties or the
absorption maximum, the conductivity, membrane expression, and finally the ion
selectivity32. In addition, there are limitations in the applicability of some tools, which can
result from a lack of effectiveness or photosensitivity as well as from phototoxicity if long-
term stimulation is required. It becomes even clearer when considering the present
project: The specifications for the combination of several rhodopsins, as was necessary in
the development of the OVC, require spectral compatibility, equal efficiency of the two
opposing actuators, and sufficiently fast kinetics of all three tools. This highlights the need

to search for novel naturally occurring rhodopsins with properties different to those
14



already established as well as to optimize and model new artificial tools with specifications

tailored to specific needs.

1.4 Cation channelrhodopsins, anion channelrhodopsins, and
engineered variants

The first discovered and the most widely used rhodopsin-based optogenetic tool to date is
channelrhodopsin-2 (ChR2). It is a light-gated ion channel which, next to
channelrhodopsin-1, serves as a sensory photoreceptor in the unicellular green algae
Chlamydomonas reinhardtii*’*8. As introduced above, a light-induced isomerization of the
co-factor retinal - an aldehyde derivative of vitamin A - from all-trans to 13-cis
configuration, leads to a conformational change and the opening of the channel pore by
6 A. When activated by light, especially at its absorption maximum of around 470 nm, ChR2
non-specifically conducts protons and cations into the cytoplasm of the cell, which causes

a depolarization of the plasma membrane#*®.

To understand the functional properties of ChR2 and both its naturally occurring
and engineered relatives, the photocycle mechanism and involved - usually highly
conserved - key residues must be considered. Light absorption of retinal initiates a
photocycle with spectroscopically distinctive intermediates, which differ in the
electrostatic environment of retinal, the protein’s conformation as well as the protonation
states of involved residues, and manifest spectrally shifted compared to the dark state*%-
51: First, upon blue light excitation of the dark state D470, the accompanying retinal
isomerization leads to the red-shifted intermediate Psoo. Subsequently, a proton transfer
from the protonated retinal Schiff base (RSB) to a counter-ion complex occurs and results
in the intermediate P390. After reprotonation of the RSB, P399 is followed by Psz0. Late P390
and Psy intermediates were found to contribute to the ion conductance of the open state.
As the last and non-conducting intermediate, Psgo succeeds after channel closing.
Eventually and with a time constant of around 40 s, the initial dark state Da7o is recovered.
In ChR2 and related proteins, point mutations near the retinal binding pocket alter the
biophysical properties of the presented photocycle. This results in a variety of optimized
tools, which is discussed below. These modulations target both, optimization of existing
and creating entirely new tools with (strongly) deviating or even opposite characteristics.
In the present project, novel cation channelrhodopsins (CCRs) were tested in the nematode
C. elegans that differ from the wild type with regard to kinetics, light sensitivity, and ion
specificity as well as in topology and spectral properties which were generated by targeted
mutagenesis®-11. Moreover, natural ACRs and engineered derivatives were characterized

that fill the gap of equivalently efficient optogenetic tools for hyperpolarization®.
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A key characteristic of channelrhodopsins is their kinetics, determining the temporal
precision of optogenetic manipulation. For wild type channelrhodopsin, the channel
opening time constant is in the sub-millisecond time scale (ton) - fast enough to avoid any
limitations on the control of neuronal activity>2. In contrast, off-kinetics are significantly
slower, as channels that have entered the photocycle also pass through it completely.
Regarding the establishment of the OVC, this relatively slow channel closing was less
detrimental, because the tools used enable active counteraction and compensate for
lagging photocurrents. In general, however, and especially for fast spiking mammalian
neurons, modulations to shorten tof constants are desirable: Mutations of the residue E123
(“ChETA” variants), which stabilize the protonated RSB as part of the counter ion complex,
decrease closing kinetics to around 4 ms26. Although tools with fast off-kinetics are
desirable, there is a tradeoff with respect to light sensitivity, which behaves inversely

proportional53.

Hence, if temporal resolution is of lower priority for a given experimental setup, it
might appear more useful to modulate the overall excitability. So-called step-function
opsins (SFOs) are the reagents of choice, when a more naturalistic spike pattern is desired,
or experiments would suffer from phototoxicity upon otherwise continuous illumination
during long-term stimulation’-1%, Here, point mutations of the TMH 3 /4 interaction at the
DC-gate - an assumed hydrogen bond between residues Cys-128 (thiol group) and Asp-
156 (carbonyl oxygen) - lead to extensively prolonged open lifetimes of the channel pore
of up to six logarithmic units. Moreover, for some SFOs, red-shifted excitation of the
conducting open state shortcuts the photocycle and results in channel closure through
recovery of the retinal’s dark conformation. This provides a step-like switching option and
- to some extent - preserves temporal resolution!’. Since SFOs integrate photons over their
prolonged open lifetime, they provide an exceptional high light sensitivity, as channels
accumulate in the conductive state>3. While the initially described SFO variants
ChR2(C128S) and ChR2(C128T) pass into persistent desensitization states subsequent to
channel closing and rely on continuous ATR supplementation in C. elegans, variants with
combined point mutations tested as part of this project (e.g., ChR2-XXL), bypassed several
of these shortcomings: They demonstrated higher off-ATR excitability, performed better
in repetitive assays, and showed the slowest closing kinetics of all ChR2 variants identified

or engineered so far®.

In addition to temporal precision, spectral properties and color tuning are central
in optogenetic tool development>* Experiments that require deeper tissue penetration
benefit from alternative red-shifted rhodopsins with less light scattering that complement
the conventional blue light excitable ChRs. Further, for multiplexing of various tools in
combinatorial control applications, both blue- and red-shifted ChRs with narrow

absorption bands are required to avoid potential optical crosstalk. Next to the
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development of chimeric rhodopsins like C1V1 or VChR1-based ReaChR (not tested within
the scope of this project) that combine helices from ChR1 and VChR1 and exhibit red-
shifted absorption maxima, natural spectrally shifted ChR variants like Chrimson were
isolated?72855, Optimized by evolution, these natural ChRs bypass shortcomings of
engineered variants with targeted point mutations at the retinal binding pocket, that
usually suffer from reduced photocurrent amplitudes or slowed kinetics®*. With an
absorption maximum at 590 nm, Chrimson is optimally suited to be combined with a blue-
light activatable tool, e.g., to either independently stimulate two different subsets of
neurons or to allow independently targetable de- and hyperpolarization within the same
cell, as it was realized in the OVC approach (discussed below: Chapter 1.8)811,

In addition to CCRs, hyperpolarizing rhodopsin-based tools are also utilized in
optogenetic research. Here, NpHR (halorhodopsin), derived from the archaeon
Natronomonas pharaonic, acts as a yellow light-driven chloride pump and is one of the
most commonly used inhibitory rhodopsins®¢57. Upon light stimulation this rhodopsin
exhibits pumping activity and transports negatively charged chloride ions into the
cytoplasm, thus NpHR-expressing cells become hyperpolarized. Further to chloride-
selective pumps, optogenetics also employs light-triggered H*-pumps for optical inhibition
experiments (e.g., archaerhodopsin (Arch) from Halorubrum sodomense and Mac from
Leptosphaeria maculans), where hyperpolarization is induced via an extrusion of

protons>8,

The use of rhodopsin pumps for optical inhibition is, however, limited by the nature
of active transport, since only one ion is transported per photocycle, and photon capture is
the rate-limiting step in in vivo applications. When used for long-term experiments,
continuous light stimulation is inevitable to maintain NpHR activity, thus resulting in
potential phototoxic effects. This is complicated by the fact that point mutations which
affect the photocycle to increase light sensitivity (as discussed above for CCRs) are not
available for ion pumps>°. The advantage of ion pumps to transport ions actively and
independently of the reversal potential of the respective cell is also opposed by the fact
that they might hyperpolarize cells far beyond physiological conditions, which may result
in unstable, abnormal gradients. As gradients vary according to cell type or pathological
state, passive ion flux via a channel-based tool is preferable, since it mimics neural
inhibition in a more physiologically precise and realistic manner206061, Here, anion
channelrhodopsins (ACRs) fill the gap of equally efficient hyperpolarizing and highly
conductive channel-based tools: Based on a BLAST (Basic Local Alignment Search Tool)
search in the cryptophyte Guillardia theta, researchers identified a multitude of proteins,
showing sequence similarity to type I microbial opsins, while two of them functioned as
light-activatable chloride channels with strict anion selectivity (Anion Channelrhodopsin 1
(GtACR1) and Anion Channelrhodopsin 2 (GtACR2))?1. With ACRs, scientists now not only
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have equivalent hyperpolarizing tools at their fingertips, but these tools actually
outperform ChR2 in terms of plateau currents by six- to eight-fold. While ACR1 exhibits
larger plateau currents and is maximally activated at 515 nm, ACR2 provides faster kinetics
at a similar absorption maximum as compared to ChR2. In an additional screening study,
two further ACRs - ZipACR (from Proteomonas sulcate) and RapACR (from Rhodomonas
salina, not tested within the scope of this project) - revealed significantly faster closing
kinetics and even higher photocurrents, enabling spike inhibition of up to 100 Hz6263, As
ACRs are a thousand times more light-sensitive than existing hyperpolarizers and display
the highest conductance among all channelrhodopsins known so far, ACRs are a coequal
tool in the field of inhibitors for optogenetic applications.

In addition to the discovery of natural ACRs, there have also been some efforts to
invert the ion selectivity of ChR2 through site-directed mutagenesis and convert it into a
hyperpolarizing tool2%60, The selectivity of ChR2 is based on various glutamate and lysine
residues in TMH 2, where protons and cations are guided through the water-filled channel
pore. Within this central selectivity filter, and in close proximity to the RSB, substitution of
residue Glu-90 turned wild type ChR2 from an unspecific cation channel into a
hyperpolarizing chloride conducting ChR (ChloC)?20. This residue determines ion selectivity
as it changes its protonation state during the photocycle®4: Within the central gate, E90 is
deprotonated and builds a hydrogen bond with N258, which in turn forms one with S6320.
Irregularities of water distribution around E90 hinted at the central gate functioning as a
hydrophobic barrier in the closed state*. Elimination and weakening of hydrogen bonds
between helices 1 and 7 through the substitution of Glu-90 resulted in the formation of a
larger channel cavity and thus high chloride affinity?2°. The introduction of additional point
mutations within the DC gate (see above, XXL mutation) improved the conductivity and
operational light sensitivity of the tool and enabled light-driven hyperpolarization in the
worm?18, Markedly, engineered chloride channels as ChloC or iC++ show some similarity
to naturally evolved ACRs in predicted pore electrostatics, suggesting a general and
consistent pattern for ion selectivity. Therefore, engineered chloride-conducting ChRs
provide valuable insights into structure-function relationships, despite falling short of
their natural counterparts, the ACRs®2. A further approach to transform wildtype ChR2 into
a hyperpolarizing tool aimed at the overall protein structure by inverting its topology1°.
This was accomplished by fusion to an additional TMH, a signal sequence and positively
charged residues within the linker region. The resulting protein FLInChR (Full Length
Inverted Channelrhodopsin) acts as a non-specific cation pump with a significantly red-

shifted absorption maximum.
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1.5 Opsin genetically encoded voltage indicators

Besides actuation of neural activity, the recording of voltage dynamics is crucial for
neuroscience research. Although traditional electrophysiology provides the highest
sensitivity and temporal resolution, it is spatially limited and imposes major technical
effort, especially when it comes to applications in live animals, while the technical barrier
further rises when several neurons are to be examined simultaneously>7. Optical
techniques, however, enable to display neural dynamics across spatial scales, e.g., from
dendritic spines up to whole circuits of interacting neurons in a contactless manner, yet
with reasonable temporal precision3>. A multitude of genetically encoded sensors have
been developed to bridge restrictions of voltage- or calcium-sensitive dyes, that suffer
among others from poor and unspecific localization and limited applicability for long-term
experiments®®. The most well-established sensors are genetically encoded calcium
indicators (GECIs), providing high spectral diversity that allows for multiplexing in
combinatorial optogenetic approaches, several thousand-fold increase of fluorescence
signals upon calcium binding, while some even allow detection of single action
potentials®6-68, However, GECIs fall short to display precise spiking dynamics,
subthreshold signals, or high-frequency action potentials3°. Since depolarization is not
necessarily associated with calcium increase and calcium imaging provides only an
indirect measure of electrical activity, it is generally not appropriate for any type of
neuron®. Finally, and most critically with respect to the goal of optical voltage clamping,
calcium imaging does not reflect hyperpolarization, as calcium levels do not usually fall

below basal cytosolic concentration.

This is where GEVIs come in: Using rational design and directed evolution,
researchers developed so-called genetically encoded voltage indicators?2343537.39,70.71,
These proteins sense membrane potential in genetically targeted cells and translate
relative changes in voltage into an optically observable, fluorescent output with sub-
millisecond timing precision - about an order of magnitude faster compared to GECIs7.
Besides VSD- (voltage-sensitive domain-) based indicators like Mermaid, ArcLight, ASAPs,
and FlicR, consisting of a VSD and a fluorescent protein, there are voltage indicators based
on microbial opsins, which are covered by this research work and discussed in the

following7273,

The first generation rhodopsin-based voltage sensors were PROPS
(proteorhodopsin optical proton sensor) and Arch (archaerhodopsin-3), two light-driven
outward proton-pumps3474. The latter, from which most of the opsin GEVIs originate, was
isolated from the archaeon Halorubrum sodomense, that uses it to harvest solar energy to
establish a proton motive force for driving ATP synthesis. In addition to its use as a neural

silencer, Arch and related proteins provide a dim voltage-dependent fluorescence that
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depends on the protonation state of the RSB7°>. Rhodopsin-based proton pumps such as
Arch transfer cytoplasmic protons from the proton donor residue towards the proton
acceptor residue and from the proton release site further to the outside of the cell (Figure
3 A). This is driven by light absorption and ATR isomerization to the 13-cis configuration,
while the RSB is transiently protonated*?. For the usage as a voltage sensor, the proton
acceptor site is mutated to block the main path for the transfer of protons from the RSB to
avoid any photocurrent (Arch(D95N)) and shifts the pK, of the RSB to sense membrane
voltage in a physiological range’¢. Voltage sensitivity is based on membrane potential
changes, which modify the protonation equilibrium between the RSB, the proton donor
site, and the cell cytoplasm’’. Subsequent to initiation of the photocycle by a primary
photon, membrane voltage modulates a proton-transfer equilibrium between two
photocycle intermediates (Figure 3 B): The M state characterized by a protonated donor
residue (D106) and the N state, where the RSB is protonated. Fluorescence results from
the transition of N to Q via a second photon, followed by electronic excitation of Q, by a

third one#0.77,
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Figure 3. Mechanism of membrane voltage-dependent fluorescence of Arch. (A) Theoretical
mechanism of proton transport. Protons are depicted as yellow spheres, proton donor (PD), proton
acceptor (PA), and proton release (PR) sites are highlighted. (B) Scheme of Arch’s voltage sensitivity and
fluorescence. Figure prepared by the author according to 4077,

Molecular dynamics simulations of Arch indicate that residue R92, a homologue of R82 in
Bacteriorhodopsin, is the key residue for sensing membrane voltage’>. This residue
switches between inward and outward orientations with respect to membrane voltage”8.
At negative voltage, R92 points towards the protonated RSB and interacts with the
negatively charged counterion D95, while at positive voltages it is pointed at the outside of
the cell and builds up salt bridges with the proton release site E204 and E214; it directs
water molecules away from the protonated RSB and the overall hydrogen bond network is
rearranged’>. The fluorescence intensity is determined by the interaction of the protonated
RSB and its counterions (D95 and D222)7>. Mutations at D95 reflect the protonated state

of the counterion, modulating among others the excited-state lifetime, voltage sensitivity
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peak absorption wavelength, and pK., of the RSB and retains D222 as the sole counterion,

which in turn rearranges the hydrogen bond connectivity and water content at the active
Site34,35,75.

Starting from the prototype Arch(D95N), several further point mutations have been
introduced to improve overall brightness, kinetics, and voltage sensitivity (Figure 4):
Variants QuasAr1 (quality superior to Arch; P60S, T80S, D95H, D106H and F161V) and
QuasAr2 (D95Q instead of D95H) showed 10 to 19 times enhanced quantum yields (8x10-3
and 4x10-3 respectively), exhibited the desired linear voltage-fluorescence dependence,
and up to 1.5 times improved voltage sensitivity (90 % AF/Fo per 100 mV in HEK cells and
slightly lower sensitivity of 78 % AF/Fo in C. elegans'S) relative to the pump-dead
Arch(D95N) mutant3>. The two constructs differ with respect to the substitution of residue
D95 at the protonated RSB counterion position, granting higher quantum yields for
QuasAr1 or voltage sensitivity for QuasAr2. In contrast to Arch(D95N), the step response
of which was characterized by a 41 ms time constant, variant QuasAr1 showed orders of
magnitudes faster step responses, while QuasAr2 provided superior voltage sensitivity,
although with slower kinetics and lower absolute brightness3>. A further screen resulted
in the variant Archon with 13 point mutations, exhibiting improved localization, signal-to-
noise ratio (SNR), response speed, brightness, and photostability compared to wild-type
Arch, but reduced voltage sensitivity compared to QuasAr2 (43 % AF/Fo per 100 mV)37.
Since larger AF/Fo values are more suitable to precisely detect APs, which is accompanied
by an improved SNR, for many experimental questions, a slower sensor is preferable
compared to a faster one, albeit with lower sensitivity”°.
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Figure 4. Overview of some of the most relevant rhodopsin-based GEVIs listed by their initial
description and voltage sensitivity. Color coding further subdivides the tools shown by direct readout
(fluorophore: retinal) or eFRET sensors (fluorophore: FP; continuous or dotted outline respectively) and
absorption maxima. Tools with fast kinetics are highlighted in purple. * Tools covered by this project.
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Since rhodopsin-based GEVIs are based on ion pumps, they have not evolved high quantum
yields but are rather optimized for ion transport. Therefore, these indicators show a very
dim absolute fluorescence, usually orders of magnitude lower than that of fluorescent
proteins of the GFP family. To improve brightness levels, fluorescent proteins were fused
C-terminally to rhodopsin-based GEVIs, resulting in so-called electrochromic fluorescence
resonance energy transfer (eFRET) GEVIs22708081 This is possible, since microbial
rhodopsins exhibit absorption spectra that overlap with emission spectra of a variety of
fluorescent proteins. Upon depolarization, the retinal absorption non-radiatively quenches
the fluorescence of the fused fluorescent protein which is analyzed instead of the dim
fluorescence of the rhodopsin as such??70. Here, changes in membrane potential shift the
absorption spectrum of retinal and thus modulate FRET efficiency. Possibly, there are also
slight voltage-induced conformational changes, which then change the relative orientation
of the fluorescent protein to the retinal and consequently the efficiency of quenching
process’?. The eFRET principle is advantageous because orders of magnitude higher
intensities are required for direct excitation of voltage-dependent fluorescence. Though
showing an improved quantum yield, the overall voltage sensitivity is, however, decreased
in eFRET sensors due to the low energy transfer efficiency between large fluorescent
proteins and the retinal chromophore®2. Due to the quenching process, eFRET sensors
usually show an inverted voltage dependence. In this regard, an engineering approach
resulted in additional positive-going eFRET sensors’’. eFRET sensors comprise fusions of
eGFP, mCitrine, mOrange or mRuby with either Mac, a light-driven proton pump (from
Leptosphaeria maculans), or QuasAr2, revealing slightly slower kinetics and significantly
reduced voltage sensitivity compared to direct readout?289, Latest eFRET reporters involve
Ace rhodopsin (from Acetabularia acetabulum) as a quencher for mNeonGreen or mRuby
(VARNAM, absorption maximum at 565 nm), improving kinetic properties and extending

options for multiplexing applications81.83,

Due to the reduced voltage sensitivities, the lower photostability and the blue-
shifted absorption maxima of eFRET sensors, the OVC approach employs a pure rhodopsin
GEVL

1.6 Closed-loop optogenetics

Most applications in optogenetics act in open-loop configuration, as the output of the
experiment exerts no influence on any further control action. Neural activity is altered, and
the resulting outcome is evaluated subsequent to the experiment (Figure 5 A). However,
to keep a steady operating status, to avoid disturbances, and to compensate for model
uncertainties most engineering but also biological systems rely on feedback control that

can control the states of highly complex and dynamical systems. In this regard, closed-loop
22



systems depend on an error signal - the difference between the desired and the observed
output8+85, This signal is processed and then used as a feedback to allow a responsive
adaptation of the control variable. In this regard, a thermostat without a feedback
regulation would be subject to high variability and uncertainty. The same applies to simple,

open-loop optogenetic perturbation experiments.
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Figure 5. Open- vs. closed-loop optogenetics. (A) Open-loop optogenetic experiments achieve only
perturbation of the system, since the control signal is independent of the output variable. Therefore, the
stimulus is static and triggered effects on the system are subject to high variability. (B) Control signals

are modulated online with respect to the output variable. Feedback occurs via readout of either
electrophysiologically or optically derived data or based on macroscopic behavior.

Optogenetic stimulation based on simultaneously observed dynamics enables causal
investigation of neural circuits, as both effective timing and tailored magnitude of control
intervention are crucial for detecting causal relationships8¢. The same principle underlies
the common electrophysiological approach of the voltage clamp, where it is used to
uncouple the measured membrane potential and assess current-voltage dependencies of
voltage-gated ion channels. In closed-loop optogenetics the feedback is automatically
generated with real time decisions by electrophysiological, behavioral, or purely optical
imaging-based readouts (Figure 5 B). Further and in contrast to open-loop approaches,
feedback-based systems allow more corrective compensation of variable expression

levelss8e,

Crucial for the quality of the optogenetic feedback approach are system
identification, observability, and controllability8788. Since neuronal activity and circuit
plasticity are highly complicated, nonlinear, and nonstationary, while dynamically
operating in millisecond timescales on top, it is challenging to build a mathematical model
as a basis for the control algorithm?®. Therefore, concepts like iterative parameter tuning
for PID (proportional-integral-derivative) control allow to approximate a system
definition (black box system identification) without directly modeling explicit system

equations beforehand®°.
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Next, controllability and observability are decisive to select optimal control strategies.
Controllability accounts for the possibility to force the system into a desired bandwidth of
states by using an appropriate control signal®. The selection of optogenetic actuators and
light intensity and/or wavelength as control signal has a high impact on how controllable
the system works: The characteristics of the tools used define the dynamic range and
temporal resolution of membrane potential modulation as well as potential spectral
crosstalk among the actuators themselves. In short, controllability defines whether desired
patterns of neuronal activity or behavior can be triggered with the tools implemented?®®.
Observability, however, is related to the sensor of the control system and how accurate the
state of the system can be observed®8. As for controllability, limiting optical crosstalk and
kinetics are crucial. Moreover, light scattering and signal-to-noise ratio across an
appropriate dynamic range are essential for the quality of the feedback system.

All in all, fully optical, closed-loop optogenetics may provide a testbed for basic-

science to assess both neural plasticity and a more nuanced tuning of light stimulus inputs.

1.7 Optical electrophysiology: State of the art

Electrophysiological recordings such as whole-cell patch clamp measurements are the
methods of choice to evaluate the electrical characteristics of excitable cells and tissues,
comprising both observation of membrane voltage and electric current and manipulation
of electrical activity. Ongoing advances in optogenetics and microscopic techniques,
however, may take electrophysiology to a completely new level, by combining genetically
encoded voltage indicators with optogenetic actuators resulting in purely optical
electrophysiology?23. In this regard, no approach other than optogenetics has combined the
synergistic advantages of high spatiotemporal resolution, specificity, and ease of
application. To date, there are many approaches pursuing this goal, among others by either
unidirectional steering via a single optogenetic tool and GEVI-based observation of neural
activity or bidirectional modulation but electrode-based readout, in open- or closed-loop
configuration (Figure 6)353691-93, The requirements for optogenetic tools to be used are
high: Narrow absorption bands and appropriate spectral separation to minimize spectral
crosstalk, high photostability to allow long-term modulation and monitoring, fast kinetics
to precisely track and manipulate electrical activity, as well as matching efficiency to allow

multiplexing of actuators.

Noteworthy is the so-called (i)-Optopatch method, for which either the specifically
engineered, blue-shifted depolarizer ChR CheRiff or the hyperpolarizer ACR2 (inhibitory-
Optopatch) were combined with the GEVI QuasAr23>36, By using Optopatch, researchers

were able to characterize APs in dendritic spines, synaptic transmission, and highly
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temporally resolved details of action potential propagation, as well as simultaneous
spiking of multiple neurons of a circuit3>. The method is now commercially used in high-
throughput screening of neurons®4. A further approach - optoclamp - employs ChR2 and
NpHR in a bidirectional closed-loop setup and extracellular microelectrode arrays for
readout. The technique clamps spiking activity of neuron populations, but not membrane
potential, to selected levels over long time periods of up to days®l. A further technique
called light-induced electrophysiology (LiEp) involves both bidirectional optogenetic
modulation, using ChR2 and ArchT, and GEVI-based voltage readout with QuasAr1.
However, no closed-loop feedback control was implemented for this system®2. LiEp was
demonstrated to report on dose-dependent drug interactions and served as screening
platform to study voltage-gated calcium channels. Last, an closed-loop optical dynamic
clamp (ODC) employed ArchT as optogenetic actuator to imitate potassium currents in
immature cardiomyocytes as a drug screening platform, but still relied on electrode-based

voltage readout®s.
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Figure 6. Methods of (all-)optical electrophysiology listed in chronological order of their first
description. The technologies are specified according to the choice of actuation and voltage tracking
tools and then evaluated in terms of the level of pure optical control achieved. One + was scored each for
the use of a GEVI instead of an electrode-based approach, the use of two counteracting tools instead of
unidirectional modulation (indicated by one or two arrows; directed up- and downwards for de- and
hyperpolarizing respectively), and lastly for the presence of real-time feedback control (indicated by
cycle symbol).

All methods presented feature certain basic building blocks that are indispensable for
achieving the overall goal of an all-optical voltage clamp: A combination of bidirectional
actuators, a voltage sensor that is also genetically encoded, and a closed-loop feedback
system that ultimately provides true control over the cell of interest. None of the

aforementioned techniques, however, meets all three requirements simultaneously. First,
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a system employing two opposing optogenetic tools and a GEVI with no feedback control,
allows bidirectional steering, but it is still limited to static optical perturbation only, since
the enclosing circuit can adapt quickly. Second, a system involving a feedback control
mechanism but only one optogenetic tool, falls short in terms of temporal resolution, as
the opposing direction is not subject to any temporally precise control and is limited in its
dynamic range. Third, systems that meet the criteria of bidirectionality and feedback
control, but are still dependent on electrodes, cannot be considered as true optical
electrophysiology in the strict sense. The OVC is the first proof-of-concept methodology to

combine all required elements of optical voltage clamping®.

1.8 All-optical adaptation of the electrophysiological voltage
clamp

Originally developed by Hodgkin, Huxley, and Katz, the voltage clamp technique paved the
way for neurophysiological research*?5. Adapted from engineering control theory and
signal processing, its central logic involves closed-loop feedback control as an instrument
for system characterization®. Biological systems are highly complex and inevitably subject
to internal feedback mechanisms (e.g., parameters dependent on activity history, time-
variance), are often based on non-linear components, and system output is subject to
stochastic processes. This results in dynamic instabilities, mirrored by intricate
trajectories of observable system outputs®. By introducing the voltage clamp technique,
this kind of highly complex output was stabilized through feedback control. Here, the
stabilized membrane voltage simplified the observation of membrane conductances,
where the feedback current allowed to model the underlying system?®. Unlike conventional
experiments or open-loop approaches like the current clamp method, this control
approach strictly determines the system’s output, while it records the required input signal

and thus compensates for non-linearity and time variance.

While the classical approach of electrophysiology provides superior temporal
resolution and thus information content, it is restricted by its invasiveness, specificity, and
technical demand. Therefore, a desirable achievement would be to synergistically combine
the advantages of both approaches by incorporating suitable optical elements that take the
function of the electrodes and be integrated into an adapted all-optical feedback control
system (OVC)8. Whereas the classical voltage clamp uses the membrane potential amplifier
to detect the membrane voltage, the OVC makes use of the GEVI QuasAr2 (Figure 7 A), that
performed best in a preceding comparative study (see above: Chapter 1.5)%15. Here, it was
important to choose the sensor with the greatest voltage sensitivity to compensate for
possible unwanted motion artifacts, since the feedback control reacts sensitively to small

changes in membrane potential. The protein’s voltage-dependent fluorescence is recorded
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via a sensitive (sSCMOS or EMCCD) camera that feeds grey values into a control algorithm,
consisting of an I(integral)-controller and a decision tree algorithm®: The preselected
holding fluorescence value (AF/Fo nolding) is compared to the actual fluorescence level at
each timepoint. Based on this deviation, the wavelength of a monochromator is adapted
and amplified with respect to the deviation size, clamping the fluorescence into tight
margins. The sign of the error at each timepoint determines whether the wavelength is
increased or decreased. This is processed by the decision tree algorithm and based on
specifications of the optogenetic tools used. Moreover, a preceding calibration phase of
each OVC recording is used to estimate QuasAr2’s bleaching behavior, precisely

reproducing the actual fluorescence values online for the duration of the measurement.
Similar to the role of the current passing electrode (Figure 8 A), the OVC employs

the bidirectional tandem protein BiPOLES (Figure 8 B) to transmit wavelength feedback

to the cell of interest and hold its membrane potential at a desired level811,
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Figure 7. Molecular OVC components and their spectral properties. (A) The OVC8 involves two
counteracting optogenetic tools (BiPOLES - consisting of the hyperpolarizer ACR2 and the depolarizer
Chrimson) for bidirectional modulation of the membrane potential as well as a voltage sensor
(QuasAr2). QuasAr2’s voltage-dependent fluorescence is stimulated via a 637 nm laser and BiPOLES
activity is modulated over a wavelength spectrum from 400 to 600 nm via a monochromatic light source.
Blue star: mCerulean. (B) Absorption spectra of all components?1.2835. Wavelengths of the light sources
used as specified.

BiPOLES consists of the two equally efficient optogenetic tools Chrimson and ACR2Z,
functioning counteractively as de- and hyperpolarizer, respectively (Figure 7 A, single
tools are described in chapter 1.4)!1. As it shows only minor spectral overlap (Figure 7 B)
and matching photocurrent amplitudes, this tool combination is predestined to be used for
purely optical and bidirectional tuning of membrane potential, allowing independent,
dual-color activity modulation. Even though sharing comparable absorption maxima
(Figure 7 B), optical crosstalk between QuasAr2 and Chrimson is bridged by the

application of a compensatory wavelength at the beginning of each measurements.
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Further, the tandem character of BiPOLES guarantees a fixed 1:1 ratio of expression levels

of the two actuators and overcomes initial performance issues with unbalanced separate

expression.
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Figure 8. Electrophysiological vs. optical approach of the voltage clamp technique.
(A) Electrophysiology: The voltage clamp operates by a negative feedback mechanism. The membrane
voltage is detected by the membrane potential amplifier and passed on to the feedback amplifier. The
feedback amplifier calculates the error between the observed membrane voltage and the command
voltage that is determined by the signal generator and is set prior to the experiment. Finally, the signal
is amplified and fed back to the cell of interest via the current passing electrode (scheme generated by
author according to online media: https://tinyurl.com/bdfvh7ra). (B) All-optical adaption of the voltage
clamp (OVC approach?8): The function of the electrodes is adopted by optical elements. A sensitive
camera records the fluorescence of the GEVI QuasAr2, while a live control software processes incoming
grey values, calculates error signals, and adapts the output variable wavelength accordingly. Eventually,
feedback of light is generated and sent back to the optogenetic actuation pair BiPOLES to keep the
membrane potential at a desired level.

Calibration of the OVC system is provided by simultaneous patch clamp recordings that
relate feedback wavelength to currents and fluorescence levels to membrane voltage and
demonstrates the accessible voltage range8. Among others, this allowed to translate optical
wavelength /fluorescence relations into real current/voltage (I-V) relationships. This way,
the OVC enables the assessment of altered cell physiology similar to its
electrophysiological counterpart. The range of the OVC software further allows to
dynamically suppress distinct action potentials (Movie 3), to adjust the desired
fluorescence level live during the measurement (Movie 4), as well as to use the OVC

components as an optical current clamp.

1.9 C. elegans as a testbed for all-optical electrophysiology

Caenorhabditis elegans is a non-parasitic, free-living nematode, occurring in soil, compost
piles, or rotten fruit of temperate climate zones, measuring about 1 mm in size®7%8. Various
unique features make C. elegans one of the most broadly studied model animals in the

scientific fields of developmental-, cell- and - since it belongs to the simplest animal species
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with a nervous system - neurobiology. With its well-defined nervous system and fixed
number of neurons the worm is predestined for neuroscientific research, but it is its
transparency and thin body that make it a perfect fit for optogenetics®?. Not only is its
connectome completely described, but it was even the first multicellular organism with a
fully sequenced genome, which enables researchers to study causal connections in neural
circuitry and to straightforwardly achieve genetic modifications?0101, Low cost of
cultivation and uncomplicated maintenance as well as the option for long-term

preservation contribute decisively to its immense popularity in basic research?s.

The simple anatomy of the worm comprises a mouth, a pharynx, intestine, and
gonads (Figure 9 A). The typical sinusoidal locomotion pattern is orchestrated by four
longitudinal bands of body wall muscles (BWMs) along the dorsal and ventral sides of the
nematode, that are innervated by excitatory cholinergic and inhibitory GABAergic motor
neurons. Interestingly, the connection between muscles and neurons is established by the
muscle cell itself via membranous projections, called muscle arms. The nervous system
mainly consists of major and minor ventral and dorsal nerve cords, respectively, and a

brain-like central ganglion (nerve ring) at the head part (Figure 9 B)S.
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Figure 9. Anatomy of C. elegans. (A) General anatomy. (B) Nervous system. Figure by the author
according to 102103,

For the characterization of new optogenetic tools, expression in BWMs is advisable, since
muscle cells are large and easily accessible, hence allowing readily evaluable behavioral
experiments and patch clamp recordings®®. Similarly, expression in cholinergic neurons
allows straightforward execution of behavioral experiments due to direct innervation of
BWNMs. By analyzing the body length or swimming behavior of the animals upon light
stimulation, conclusions can be drawn about the strength of the related photocurrent, the

kinetics, and action spectra of the respective tool>°. Activation of a depolarizing tool
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causes contraction of the BMWs, accompanied by a reduction of the body length, whereas
a hyperpolarizing tool has the opposite effect. The swimming frequency decreases or stops
entirely under the influence of light-induced activation of ChR2 and its derivatives in BWMs
and represents a very sensitive readout. By expressing optogenetic actuators in the
pharynx, the pumping behavior can be actively paced and easily tracked
macroscopically04105, Also, the expression of voltage sensors can be easily implemented
in the aforementioned tissues: Due to their size, the expression of GEVIs reaches high

brightness and the relative changes of fluorescence can be observed clearly?>.

Also, for the establishment of the optogenetic voltage clamp in the living animal,
C. elegans proved to be an ideal testbed8: Both pharyngeal and body wall muscles fire
significantly slower action potentials compared to mammalian cells and even neurons
exhibit exceptionally slow gradual or - in some cases - action potentials®15106-108 Thjg
feature allows the OVC to dynamically track and suppress individual action potentials,
while running at a comparably slow maximal sampling rate of 100 Hz with its current
molecular and computational components8. Further, the resting potential of C. elegans’
BWNMs is sufficiently distant to the reversal potentials of the ions, which are conducted by
the applied optogenetic tools, allowing the tandem protein to effectively steer membrane
potential bidirectionally108.

In addition to the characterization of new tools and the development of all-optical
electrophysiology, another focus of this research was on direct application to address
specific questions in C. elegans. By using the tools presented here - both single expression
and expression in combination with voltage sensors (e.g, in the context of OVC
application) - inferences could be made about ion channel function (voltage-gated calcium
channel: egl-19 mutant815), altered cell physiology of different mutants
(neurotransmission mutants: unc-13% and rimb-11%), and the function of specific neurons
(enteric motor neuron DVBS8, motor- and interneurons of the locomotion circuit: AS

motorneurons!4 and RIM interneurons?s).
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2. Publications

2.1 Summaries of publications and respective author
contributions

All-optical closed-loop voltage clamp for precise control of muscles and neurons in

live animals

In this study®, two opposing optogenetic tools for de- and hyperpolarization (BiPOLES)
were combined with a genetically encoded voltage indicator (QuasAr2). Embedded in a
live, closed-loop feedback control system, this novel, purely optical approach (optogenetic
voltage clamp - OVC) allowed reliable, bidirectional control of QuasAr2’s voltage-
dependent fluorescence, thus clamping target cells to desired potentials. The OVC was
established in various muscular and neural tissues of C. elegans and then transferred to rat
hippocampal organotypic slice culture. In the worm, this technique allowed generation of
all-optical I-V-relationships, when calibrated to electrically recorded membrane voltages
and currents. This way, the OVC reported on altered cell physiology and ion channel
properties in mutants. Further, it allowed to dynamically clamp distinct action potentials
in the DVB neuron and pharyngeal muscle. The OVC is a proof-of-concept method,
combining the control capabilities of electrophysiological recordings with the non-invasive

character of imaging and clear the way for true all-optical control in behaving animals.

The author contributed to the conceptualization of the project and was responsible
for performing all OVC measurements, coding the software, creating all graphs and figures,

and the writing of the original manuscript draft (Table 1).

Table 1. List of figures and detailed breakdown of the author's contribution. Publication: “All-
optical closed-loop voltage clamp for precise control of muscles and neurons in live animals”8.

# Figure | Description Author’s contribution
1 Components, setup, and functionality of the Panels A-H
ovc
2 Bi-directional optical clamping and calibration | Panels A-L (patch clamp
of membrane voltage and currents in BWMs recordings by Jana
Liewald)
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E.D.1
E.D. 2

E.D.3
E.D. 4

E.D.5

E.D.6

E.D.7

E.D.8
E.D.9

E.D. 10

Assessing altered cell physiology in mutants
affecting synaptic transmission and ion
channels, using the OVC

Bi-directional clamping of voltage-dependent
fluorescence in C. elegans neurons
Establishing the OVC in rat hippocampal
pyramidal neurons

All-optical clamping of APs in pharyngeal
muscle

All-optical clamping of APs in the enteric
motor neuron DVB

Setup of the OVC software and control
parameters

Implementation of a PID controller with
Kalman filter

Unidirectional steering of membrane voltage
Testing different combinations of depolarizing
and hyperpolarizing actuators

BiPOLES activation by 637 nm laser light and
calibration wavelength have no adverse
effects on muscle function and locomotion
Performance assessment, and long-term action
of the OVC

Simultaneous patch clamp and fluorescence
measurement, normal membrane

voltage behavior in BiIPOLES-activated BWMs,
no progressive error following calibration
phase

Optical pseudo-I/V curve measurements
Software for ‘optical current clamp’, and
software for ‘on-the-run’ live voltage
adjustment

Voltage imaging and OVC measurements in
pharyngeal muscle and the motor

neuron DVB

Panels A, B, G-M

Panels A-G

Panels A-H (in
cooperation with Silvia
Rodriguez-Rozada)
Panels A-G

Panels A-D
Panels A-H

Panels A-F (cooperation
with Artur Bessel)
Panels A-G

Panels A-E

Panels A-I (C-E in
cooperation with Christin
Wirt)

Panels A-L

Panels A-K (patch clamp

recordings by Jana
Liewald)

Panels A-E
Panels A-]

Panels A-G

Microbial Rhodopsin Optogenetic Tools: Application for Analyses of Synaptic

Transmission and of Neuronal Network Activity in Behavior

This book chapter?3 sheds light on the variety of rhodopsin-based optogenetic tools, recent

advances of their application in C. elegans, and guidelines for experimental procedure

design. Among others, it discusses the use of rhodopsin-based nucleotidyl cyclases and

genetically encoded voltage or calcium sensors, as well as combinatory approaches with

further actuators, e.g., cGMP-gated cation channel TAX-2/TAX-4 or excitatory tools for

upstream neuronal stimulation respectively. The author contributed the text passages on
step-function opsins, ACRs, and GEVIs (Table 2).
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Table 2. List of figures and detailed breakdown of the author's contribution. Book chapter:
“Microbial Rhodopsin Optogenetic Tools: Application for Analyses of Synaptic Transmission and of
Neuronal Network Activity in Behavior”13.

# Figure | Description Author’s contribution
1 Photocycle of Channelrhodopsin -
2 Genetically encoded voltage sensors based on | Figure prepared by
microbial rhodopsins author
3 Cyclase rhodopsin-based two-component -
optogenetic systems for de- and
hyperpolarization

BiPOLES is an optogenetic tool developed for bidirectional dual-color control of
neurons

In this study!l, a novel optogenetic tandem tool was developed, consisting of the
hyperpolarizer ACR2 and the depolarizer Chrimson. Based on their minor spectral overlap,
equal efficiency, and high sensitivity, this tool configuration allowed dual color,

bidirectional stimulation with single- or two-photon excitation in various model animals.

The author contributed behavioral BiPOLES measurements on bidirectional
control of body length in C. elegans, providing data on maximum behavioral effects at
absorption maxima of Chrimson and ACR2 and across a whole color spectrum of 400 to
640 nm (Table 3).

Table 3. List of figures and detailed breakdown of the author's contribution. Publication: “BiPOLES
is an optogenetic tool developed for bidirectional dual-color control of neurons”!1.

# Figure | Description Author’s contribution
1 Development of BiPOLES and biophysical -
characterization
2 Expression and functional characterization of | -
BiPOLES and somBiPOLES in hippocampal
neurons
3 somBiPOLES allows potent dual-color spiking | -

and silencing of the same neurons using red
and blue light, respectively

4 Applications of BiPOLES: bidirectional control | -
of neuronal activity, optical voltage tuning, and
independent dual-color excitation of two
distinct

neuronal populations

5 Bidirectional control of neuronal activity with | -
somBiPOLES using dual-color two-photon
holography

6 BiPOLES allows bidirectional modulation of Panel A-B
neuronal activity in C. elegans and D.
melanogaster
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ED.1

E.D.2

E.D.3

E.D. 4

E.D.5

E.D.6

E.D.7

E.D.8

E.D.9

E.D. 10

ED. 11

E.D.12

E.D. 13

E.D. 14

E.D. 15

RIM and RIM-binding protein localize synaptic CaV2 channels to differentially

BiPOLES and somBiPOLES allow bidirectional
modulation of neuronal activity in mice and
ferrets

Biophysical characterization of different ACR
CCR tandem constructs

Comparison of BiPOLES to established
bidirectional optogenetic tools in HEK293 cells
Biophysical characterization of BiPOLES and
differential expression of BiPOLES and
somBiPOLES in CA1 pyramidal neurons
Characterization of Chrimson mediated
currents and spiking in CA1 pyramidal cells.
Quantification of som Gt ACR2 mediated
photocurrents in CA1 pyramidal cells

Basic neuronal parameters of WT, BiPOLES
and somBiPOLES expressing CA1 pyramidal
cells.

Optical spiking parameters for BiPOLES and
somBiPOLES

Characterization of bidirectional optogenetic
manipulat ion of neuronal 138 activity with
eNPAC2.0

CheRiff exhibits optical excitation restricted to
the blue spectrum

Design of the dual laser 2 photon holography
setup

Virally expressed CaMKII somBiPOLES enables
bidirectional control of activity in projection
neurons

BiPOLES and controls in C. elegans and D.
melanogaster

somBiPOLES controls in LC neurons

Monte Carlo simulation of light propagation in
the mouse brain to estimate somBiPOLES
performance in vivo

Virally expressed mDIx BiPOLES enables
bidirectional control of GABAergic neuronal
activity.

regulate transmission in neuronal circuits

Next to SNARE complexes that anchor synaptic vesicles to the plasma membrane and
prepare vesicle fusion, voltage-gated Ca?* channels are kept solid by a complex of RIM and
RIM-binding proteins, being part of the dense projection in C. elegans. This study!® reports
on aspects of this machinery responsible for synaptic vesicle fusion in C. elegans. It
characterizes phenotypes of rimb-1 mutants and interactions with the CaV2 VGCC a-

subunit at neuromuscular junctions in cholinergic and GABAergic neurons, via behavioral,
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imaging-based, and electrophysiological experiments, while assessing the ultrastructural

level by electron microscopy. As a result, rimb-1 deletion mutants displayed mild

behavioral phenotype with impaired cholinergic transmission, while unc-10 mutants

lacking RIM, as well as unc-10; rimb-1 double mutants showed much more pronounced

deficits. Voltage imaging of rimb-1 animals revealed reduced depolarization in response to

cholinergic stimulation with ChR2, pointing at a delay and impairment in vesicle release.

The author contributed with comparative voltage imaging experiments of wild type

and rimb-1 mutant animals (Table 4).

Table 4. List of figures and detailed breakdown of the author's contribution. Publication: “RIM and
RIM-binding protein localize synaptic CaV2 channels to differentially regulate transmission in neuronal

circuits”1e,

# Figure

Description

Author’s contribution

1

10

E.D.3

ED. 4

UNC-10/RIM and RIMB-1/RIM-binding
protein affect UNC-2/CaV2 function in C.
elegans (motor) neurons.

rimb-1 mutants exhibit defective cholinergic
transmission, locomotion and muscle
activation

rimb-1 and unc-10/RIM mutants exhibit
increased and reduced cholinergic
transmission at the NM]

Parameters of evoked transmission reveal
delayed postsynaptic current onset in rimb-1
mutants

Lack of RIMB-1 reduces transmission from
GABAergic motor neurons.

Lack of GABAergic transmission reverts
increased cholinergic transmission in rimb-1
mutants

Electron microscopy analysis of
photostimulated cholinergic rimb-1 synapses
Untethering the CaV2 VGCC alters synaptic
transmission, exacerbated by rimb-1 deletion
Acute photodegradation of the CaV2 3-subunit
CCB-1 affects behavior and reduces synaptic
transmission

CaV2/UNC-2 channels are reduced at synapses
in rimb-1 mutants and after acute
photodegradation of the CCB-1 B-subunit
Comparing two rimb-1 alleles

rimb-1 mutants have no post-synaptic defect in
muscular nAChRs, and normal muscle
excitability.

GABAergic transmission at the NM] in rimb-1
mutants

rimb-1 defects in evoked NM] transmission at -
10 mV
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ED.5 Repeated 2 Hz stimulation of cholinergic and -
GABAergic synapses reveals no effect on
depression or facilitation

E.D.6 Ultrastructural parameters of rimb-1 mutant -
synapses
ED.7 Differential effects of untethering and deleting | -
CaV2/UNC-2 VGCCs on induced behavior and
basal synaptic transmission

Rhodopsin-based voltage imaging tools for use in muscles and neurons of
Caenorhabditis elegans

In this study?s, various genetically encoded voltage indicators were implemented and
characterized in C. elegans, namely Arch(D95N), Archon, QuasAr2, MacQ-mCitrine, and
QuasAr-mOrange. The sensors reported on voltage dynamics, including action potentials,
in BWMs, the pharynx, and RIM neurons and mirrored ChR2- or ACR2-mediated de- or
hyperpolarization respectively. Dim ATR fluorescence could be boosted by 250-fold using
the retinal analog dimethylaminoretinal (DMAR). In the pharynx, simultaneous sharp
electrode recordings confirmed optical derived observations and analysis of optical
recordings allowed the generation of all-optical electropharyngeograms (EPGs),

visualizing compartmentalized repolarization events.

The author was responsible for voltage imaging experiments in BWMs and RIM
neurons with QuasAr2 and Archon, as well as for combined optogenetic stimulation with
ChR2 or ACRZ in BWMs (Table 5).

Table 5. List of figures and detailed breakdown of the author's contribution. Publication:
“Rhodopsin-based voltage imaging tools for use in muscles and neurons of Caenorhabditis elegans”?5.

# Figure | Description Author’s contribution

1 Expression of rhodopsin voltage sensors in C. Panel A
elegans muscle cells.

2 Rhodopsin sensors detect intrinsic voltage Panels C, D, F-L
changes in muscles and neurons

3 Electrical and voltage-sensor signals in BWMs, | Panels A-I
induced by optogenetic manipulation of
cholinergic MNs

4 Arch(D95N) and eFRET voltage-sensor signals | -
quantified in PMs during pumping

5 Pharyngeal AP and pump parameters -
quantified by automated analysis in WT and L-
type VGCC g.o.f. mutants

6 Pharyngeal AP repolarization occurs in a Panel B scheme
spatiotemporally compartmentalized fashion

ED.1 Summary of individual and mean voltage Panels A-]

fluorescence traces for various rhodopsin
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voltage sensors expressed in BWMs
E.D.2 Neuronal activity can be observed by Ca%*- and | Panels B, C
QuasAr voltage imaging
E.D.3 Comparison of voltage traces recorded using -
rhodopsin and eFRET voltage sensors,

as well as by sharp electrodes in the pharynx
during pump trains in single animals, and
across animals

E.D. 4 Voltage and pump signal rise and decay times, | -
automatically determined for

pharyngeal APs and pump events measured
with rhodopsin and eFRET sensors

E.D.5 Comparison of voltage and pump parameters -
measured in mutants and in response

to nemadipine-A (NemA) in the pharynx
ED.6 Comparison of simultaneous EPG and MacQ- -
mCitrine fluorescence measurements
in presence and absence of ATR

Optogenetischer Werkzeugkasten fiir neue experimentelle Ansitze

This review article!? briefly outlines the development of optogenetics and describes
several newly discovered rhodopsins (including ACRs) and targeted engineered variants
(including SFOs and FLInChR). In addition, the article discusses several behavioral assays
in C. elegans and the extent to which expanding the toolbox is helping to address

increasingly complex questions and experimental requirements.

The author wrote the original draft and prepared all figures of this review article
(Table 6).

Table 6. List of figures and detailed breakdown of the author's contribution. Review article:
“Optogenetischer Werkzeugkasten fiir neue experimentelle Ansatze”12.

# Figure | Description | Author’s contribution
1 Rhodopsinbasierte Optogenetik Panels A-C
2 FLInChR (full-length inversion of ChR) Panels A-D
3 Optogenetik in Caenorhabditis elegans Panels A-C

Expanding the Optogenetics Toolkit by Topological Inversion of Rhodopsins

In this study!?, a novel hyperpolarizing tool was engineered by topological inversion of
ChR2. This was accomplished via the fusion of ChR2(E123T;H134R;T159C) to the

truncated transmembrane helix of Neurexin-1 beta, retaining its signal sequence. In
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contrast to its template protein, Full-length-inverted-channelrhodopsin-2 (FLInChR)

works as cation pump with a red-shifted absorption maximum.

The author contributed with behavioral body length measurements in C. elegans,
providing data on maximum effects at the absorption maximum of FLInChR (Table 7).

Table 7. List of figures and detailed breakdown of the author's contribution. Publication:
“Expanding the Optogenetics Toolkit by Topological Inversion of Rhodopsins”10.

# Figure | Description Author’s contribution
1 A Molecular Engineering Approach to
Topological Inversion of Rhodopsins
2 Opsin Inversion Generates Novel Functionality
3 Opsin Inversion Is Compatible with Regular
Ionic Flux
4 FLInChR Mediates Efficient Suppression of
Spiking
5 FLInChR Is an Effective Light-Dependent

Thibitor for Circuit Dissection

E.D.1 Inverted ChR ET/TC Displays Robust
Intracellular Trafficking

E.D. 2 Inversion Is Robust to the Choice of N-
Terminal Linker Domain

E.D. 3 FLInChR Mediates Efficient Suppression of
Spiking in Cortical Neurons

E.D. 4 FLInChR-Mediated Photocurrent Shows
Moderate Desensitization

E.D.5 FLInChR-Mediated Hyperpolarization of Body | Panels A, B
Wall Muscles Induces Body Elongations in C.
Elegans

Functionally asymmetric motor neurons contribute to coordinating locomotion of
Caenorhabditis elegans

This study# assessed the role of AS motor neurons (MNs) in the ventral nerve cord (VNC)
locomotor circuit of C. elegans. In contrast to typical cholinergic VNC MNs that orchestrate
undulatory movement by innervating opposing muscles, AS MNs stand out due to
asymmetric innervation of muscles and other MNs. Making use of optogenetic tools in
behavioral assays and calcium imaging in both immobilized and freely moving animals,
their function to coordinate dorsoventral undulation as part of anterior-posterior wave
propagation was observed. Further, AS MNs were found to integrate signals within
forward and backward movement and to be functionally linked to premotor interneurons

via gap junctions.

The author contributed the implementation of ACR1 in C. elegans (Table 8).
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Table 8. List of figures and detailed breakdown of the author's contribution. Publication:
“Functionally asymmetric motor neurons contribute to coordinating locomotion of Caenorhabditis
elegans”14,

# Figure | Description Author’s contribution
1 Specific photodepolarization of AS MNs via -

ChR2 leads to body contraction, increased
bending angles and reduced speed in freely
moving
C. elegans
2 Photodepolarization of AS MNs causes -
transient activation of dorsal and simultaneous
inhibition of ventral BWMSs, and a dorsal bias
in freely
crawling animals
3 Optogenetic ablation and chronic -
hyperpolarization of AS MNs disrupts the
locomotion pattern
4 Acute optogenetic hyperpolarization of AS -
MNs ceases locomotion, causes disinhibition of
ventral BWM via GABAergic VD MNs, and
blocks
propagation of the locomotion body wave
5 AS MNs show oscillatory Ca2+activity in -
moving animals
6 Reciprocal and asymmetric mutual activation | -
of AS MNs and forward and reverse PINs, AVB
and AVA

7 Models summarizing findings of this work -
E.D.1 Expression of ChR2 can be restricted to AS -
MNs
E.D.2 Local AS neuron activation affects body length | -
ED.3 Specific photodepolarization of AS MNs via -
Chrimson leads to body contraction, increased
bending angles and reduced speed in freely
moving C. elegans
ED. 4 Optogenetic inactivation and HisCl1-induced -
hyperpolarization of AS MNs affects
locomotion speed and bending angles
E.D.5 Local stimulation of AS MNs in different body | -
segments
ED.6 AS MNs are simultaneously activated by -
photostimulation of the AVA and AVB PINs

Rhodopsin optogenetic toolbox v2.0 for light-sensitive excitation and inhibition in
Caenorhabditis elegans

In this study?®, a variety of new naturally occurring and engineered optogenetic tools for
de- and hyperpolarization were implemented and characterized in C. elegans. Regarding

long-term stimulation, the ChR2 variants Quint and ChR2-XXL provided muscle activation
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in the minute to hour range, responded with exceptional light sensitivity, and allowed

repetitive activation. For hyperpolarization, the anion channelrhodopsins ACR1 and ACR2

demonstrated strong behavioral effects, as well as fast kinetics and large photocurrents.

The author contributed to the conceptualization of the project and writing of the

original manuscript draft and was responsible for performing most of the behavioral

measurements (Table 9).

Table 9. List of figures and detailed breakdown of the author's contribution. Publication:
“Rhodopsin optogenetic toolbox v2.0 for light-sensitive excitation and inhibition in Caenorhabditis

elegans™®.
# Figure | Description Author’s contribution
1 ChR2 variants expressed in body-wall muscle | Part of the fluorescence
cells localize to membranes micrographs
2 ChR2 variants expressed in body-wall muscle | Panels A-F
cells enable prolonged depolarization and
body contractions
3 ACRs mediate strong hyperpolarization and Panels A-K
body elongation
4 ACR1 and ACR2 mediate large photocurrents -
and hyperpolarization in patch clamped BWMs
5 Evaluation of de- and hyperpolarizers Panels A, B
characterized in this paper
E.D.1 ChR2 variants expressed in body-wall muscle | -
cells
E.D.2 Description of behavioral assays in C. elegans Figure prepared by
expressing de- or hyperpolarizing rhodopsin- | author
based tools in body-wall muscle cells
E.D.3 ChR2 variants expressed in body-wall muscle | Panel B
cells induce body contractions depending on
the light intensity used
E.D. 4 Quint induces body contractions over a broad | Panels A-C
wavelength spectrum
E.D.5 ACR variants induce body elongations Panels A-H, J, K
depending on the used light intensity
ED.6 Membrane potential shift following ACR- -

mediated hyperpolarization may indicate
action of Cl- efflux pumps
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2.2 All-optical closed-loop voltage clamp for precise control of
muscles and neurons in live animals

The following pages contain the published version of the research article "All-optical
closed-loop voltage clamp for precise control of muscles and neurons in live animals"®.
Material from: Bergs, A.C.F., Liewald, ].F., Rodriguez-Rozada, S. et al. All-optical closed-loop
voltage clamp for precise control of muscles and neurons in live animals. Nat Commun 14,
1939 (2023). https://doi.org/10.1038/s41467-023-37622-6. Reproduced with

permission from Springer Nature.
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Excitable cells can be stimulated or inhibited by optogenetics. Since optoge-
netic actuation regimes are often static, neurons and circuits can quickly
adapt, allowing perturbation, but not true control. Hence, we established an
optogenetic voltage-clamp (OVC). The voltage-indicator QuasAr2 provides
information for fast, closed-loop optical feedback to the bidirectional opto-
genetic actuator BiPOLES. Voltage-dependent fluorescence is held within tight
margins, thus clamping the cell to distinct potentials. We established the OVC
in muscles and neurons of Caenorhabditis elegans, and transferred it to rat
hippocampal neurons in slice culture. Fluorescence signals were calibrated to
electrically measured potentials, and wavelengths to currents, enabling to
determine optical I/V-relationships. The OVC reports on homeostatically
altered cellular physiology in mutants and on Ca*-channel properties, and can
dynamically clamp spiking in C. elegans. Combining non-invasive imaging with
control capabilities of electrophysiology, the OVC facilitates high-throughput,
contact-less electrophysiology in individual cells and paves the way for true
optogenetic control in behaving animals.

Identifying connections between distinct neurons and their contribu-
tion to driving behavior is a central issue in neuroscience'?. To explore
such relations, methods to record and concurrently regulate neural
activity are needed®. Also, high-throughput screening approaches in
excitable cell physiology require application of such methods. Diverse
approaches to control or observe excitable cell function are in use.
Patch-clamp electrophysiology provides superior temporal accuracy

and sensitivity, but is limited by its invasiveness*®. Ca*" imaging,
applicable in intact living organisms, enables integrating cell physiol-
ogy and behavioral output’’. However, due to sensor Ca** buffering
and the non-linear correlation of cytosolic Ca?* concentration and
membrane voltage, this technique suffers from comparably low tem-
poral resolution, and fails to resolve subthreshold voltage transients or
high-frequency action potentials (APs). Further, since Ca*
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concentration does not fall below basal cytosolic levels in most neu-
rons, Ca*" imaging is unsuited to reveal synaptic inhibition. Instead,
membrane potential can be imaged via genetically encoded voltage
indicators (GEVIs), e.g., rhodopsin-based GEVIs, among others'>"". The
fluorescence of retinal, embedded in rhodopsins, reliably monitors
voltage dynamics at millisecond timescales. Since rhodopsin-based
GEVIs emit near-infrared light, they can be multiplexed with optoge-
netic actuators of membrane currents, to selectively photostimulate or
inhibit activity of excitable cells with high spatiotemporal
precision'®*?°, In the “(i)-Optopatch” approach, the blue-light activated
channelrhodopsin (ChR) CheRiff was used together with the voltage
indicator QuasAr2, allowing to unidirectionally steer and observe, but
not to fully control neuronal activity™**. An optical dynamic clamp
(ODC) used archaerhodopsin to mimic K* currents, absent in immature
cardiomyocytes, in closed loop with electrophysiological feedback™.
Bidirectional optical modulation and readout of voltage was imple-
mented as light-induced electrophysiology (LiEp) for drug screening,
however, without a feedback loop*. A bidirectional approach with
feedback—“optoclamp”—used ChR2 and halorhodopsin (NpHR) as
actuators and extracellular microelectrode arrays instead of GEVIs™.
This approach clamped average firing rates in neuronal ensembles,
following indirect voltage readout.

True all-optical control over excitable cell activity with closed-
loop feedback, as in voltage-clamp electrophysiology, should combine
two opposing optogenetic actuators for de- and hyperpolarization, as
well as a GEVI. Such a system could respond to intrinsic changes in
membrane potential. It would also prevent inconsistent activity levels
arising from cell-to-cell variation in optogenetic tool expression levels.
These are usually not taken into account, particularly when static sti-
mulation patterns are used, while a feedback system could increase
stimulation until the desired activity is reached. The system should
synergize the non-invasive character of imaging methods with the
control capabilities of electrophysiology.

Here, we established an optogenetic voltage-clamp (OVC) in
Caenorhabditis elegans and explored its use in rat hippocampal orga-
notypic slices. The OVC uses QuasAr2 for voltage read-out™, and
BiPOLES, a tandem protein comprising the depolarizer Chrimson and
the hyperpolarizer GtACR2, stimulated by orange and blue light,
respectively, for actuation'®>2, Spectral separation and their
balanced 1:1 expression in BiPOLES enabled gradual transitions from
depolarized to hyperpolarized states, and vice versa. QuasAr2 fluor-
escence was sampled at a rate of up to 100 Hz, and this information
was used to compute a feedback of wavelength-adapted light signals
transmitted to BiPOLES, in closed-loop, thus keeping the voltage-
dependent fluorescence at a desired level. We characterized the sys-
tem in body-wall muscle cells (BWMs), as well as in cholinergic and
GABAergic motor neurons. Simultaneous measurements allowed
calibrating fluorescent signals to actual membrane voltages, and pas-
sively presented wavelength pulses to currents. In unc-13 mutants, the
OVC readily detected altered excitability of muscle, as a response to
the reduced presynaptic input. In egl-19 VGCC gain-of-function (g.o.f.)
mutants, an optical I/V-relationship of the mutated channel could be
obtained, comparing well to electrophysiological measurements. In
rodent neurons, the OVC also modulated fluorescence and voltage, yet
with a smaller range, due to the resting potential being close to CI-
reversal potential. Last, in spontaneously active tissues, i.e., pharyngeal
muscle and the motor neuron DVB****2, the OVC could dynamically
follow and counteract native APs, and suppress associated behaviors.

Results

Reading GEVI fluorescence to steer optogenetic actuators with
light feedback in closed-loop

An OVC should measure voltage-dependent fluorescence of an
excitable cell, e.g., via a rhodopsin-GEVI'®", and provide adjusted
light-feedback to optogenetic actuators of membrane voltage, e.g.,

cation- and anion-selective rhodopsin channels®****3* (Fig. 1A). The
OVC needs to work in closed-loop, to quickly counteract intrinsic
activity. We first implemented suitable hard- and software (Fig. 1B
and Supplementary Code 1): To excite fluorescence of rhodopsin
GEVIs (e.g., QuasAr2, emitting in the far-red)'*”, we expanded a
637 nm laser to cover 0.025 mm? GEVI fluorescence of a region of
interest (ROI) is monitored by a camera, and compared to a target
value (Fig. 1C and Supplementary Fig. 1A-C). Light feedback is sent
to the sample from a monochromator, whose wavelength limits can
be pre-selected to match the chosen hyperpolarizing and depolar-
izing optogenetic tools’ maximal activation, and that can adjust
wavelength at 100 ps and 0.1 nm temporal and spectral resolution,
respectively.

Communication between camera and monochromator is pro-
vided by a custom-written script in Beanshell (part of uManager
interface®), processing incoming gray values into relative changes
of fluorescence (AF/Fy) (Fig. 1C, Supplementary Fig. 1A-C, and
Supplementary Code 1). We initially performed step response
experiments in open loop configuration and found the system to
require barely 20 ms to reach the desired OVC step-input of +5%
AF/F, (see below), which we conclude to approximate the system’s
time constant (Supplementary Fig. 1D). Due to excitation of QuasAr
with a laser, 10 ms exposure sufficed to collect ca. 1,800,000 pho-
tons per ROI per frame. Hence, the shot-noise floor is as low as ca.
0.08% of the total signal power (Supplementary Table 1). Since
GEVIs exhibit photobleaching, AF/Fq values would gradually deviate
from actual voltage levels. Thus, for each recording, an initial cali-
bration phase is used to calculate correction parameters (Supple-
mentary Fig. 1E, F). Once the system can access bleach-corrected
AF/Fy values, it feeds them into a decision tree algorithm (Supple-
mentary Fig. 1A), where they are compared to a desired holding
AF/Fy value. Deviation between target and actual AF/F, determines
the wavelength change of the monochromator (I(ntegral)-con-
troller). To increase control stability, a selectable tolerance range
was defined (in most cases +1%), in which the actual value is allowed
to fluctuate around the target AF/Fy. Once this tolerance range is
reached, the control variable wavelength is not further changed. An
alternative algorithm, using a PID controller®® and Kalman filter*” for
sensor smoothing, did not increase overall system performance
(see “Methods”; Supplementary Fig. 2).

Combining single actuators with QuasAr2 for unidirectional
steering of membrane voltage

First, we expressed QuasAr2 in C. elegans body wall muscles (BWMs).
Expression levels were very uniform across and within strains, ensuring
equal OVC activity in different genetic backgrounds (Supplementary
Fig. 1G). 20 s calibration under 637 nm laser light sufficed to estimate
photobleaching parameters. 300 uyW/mm? blue light or presenting the
full spectrum (400 to 600 nm) caused no additional bleaching and did
not affect QuasAr2 fluorescence (Supplementary Fig. 1E, F, H). Thus,
monochromator light did not influence bleaching-corrected fluores-
cence and estimated membrane voltages. Initially, to test the feedback
loop, we assessed different actuators and configurations. First, Chla-
mydomonas reinhardtii ChR2(H134R) or Guillardia theta anion chan-
nelrhodopsin GtACR2 were expressed in cholinergic motor neurons
(Supplementary Fig. 3A). This allowed manipulating muscle voltage
indirectly via light-induced (de-)activation of motor neurons, and to
adjust QuasAr2 fluorescence to values between +20 and -15% AF/Fo,
respectively (Supplementary Fig. 3B-D). However, fluorescence (i.e.,
voltage) returned to baseline only by intrinsic membrane potential
relaxation (Supplementary Fig. 3D-G), thus limiting temporal resolu-
tion. The time required to reach the tolerance range of the target AF/Fo
value was termed “transition time”. For ChR2, fluorescence reached
the target range after 150 +12.7 ms and relaxed within 678 +148.9 ms
(254 +20.4 ms and 239.5 + 29.9 ms, respectively, for GtACR2). Next, we
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Fig. 1| Components, setup, and functionality of the OVC. A Molecular OVC
components: Two counteracting optogenetic actuators for de- and hyperpolar-
ization (GtACR2, Chrimson; blue star: mCerulean), and a voltage indicator.

B Hardware setup and communication: Membrane voltage is monitored via a fast
and sensitive (SCMOS or EMCCD) camera; gray values are processed by live control
software (Supplementary Code 1). Based on the difference to the set holding value,
a feedback of light from a monochromator is sent to the optogenetic actuators.
C OVC feedback mechanism: After selection of clamping parameters and calibra-
tion for bleaching correction, AF/F, is calculated and compared with the set value,
to adapt the wavelength accordingly, in closed-loop. D OVC (QuasAr2 and BiPOLES)
in BWMs. E Confocal fluorescence z-projection. BiPOLES (mCerulean) and QuasAr2
in BWM membranes, scheme (dashed lines represent muscle plasma membranes).
Scale bar, 50 um. Representative image (from n =22). F OVC four-step protocol

(0, -5, 5, and again 0% AF/Fo) in BWMs; insets and below: close-up. Wavelength
shown in the respective color, holding values and tolerance range (gray boxes) are
indicated for each step. Orange shade in lower panel: transition period to reach
tolerance range. ADU: analog-to-digital units. G Upper panel: Overlay of mean
(S.E.M.) wavelength and (lower panel) fluorescence traces (n = 24; holding values:
0, -5, 5, 0% AF/Fo). H Times required for the indicated 5 and 10% AF/Fq transitions
(n=24). 1 Membrane resistance of BWM cells, before (n=13), and during 637 nm
laser illumination (orange, n =13), and during laser + calibration light (green, n =12).
One-way ANOVA with Bonferroni correction (laser/dark: p = 0.65; laser+cal./dark:
p=0.39; laser+cal./laser: p=1). In H, I, box plots (median, 25th-75th quartiles);
open dot: mean; whiskers: 1.5x IQR. n—numbers refer to independent biological
replicates (animals) (G-1). Source data are provided as a Source data file.

assessed combinations of spectrally distinct, opposing actuator pairs,
like ChR2 (470 nm) and GtACRI1 (515 nm), or Natronomonas pharaonis
halorhodopsin NpHR (590 nm). Optogenetic de- or hyperpolarization
of cholinergic motor neurons affects muscle activation and evokes
body contraction or elongation®*® (Supplementary Fig. 4A-D). Yet,
one actuator was typically outperformed by the other, impeding pre-
cise control of membrane potential. Likely, separate expression led to
variable relative amounts of the tools. We thus resorted to 1:1
expression via BiPOLES.

BiPOLES enables bidirectional voltage-clamping in C. elegans
muscle

The tandem protein BiPOLES combines de- and hyperpolarizers
Chrimson and GtACR2 (590 and 470 nm, respectively), linked as one
sequence” (Fig. 1A). BiPOLES activation with a 400-600 nm ramp
evoked robust bidirectional effects on body length (Supplementary
Fig. 4E). We co-expressed BiPOLES and QuasAr2 in BWMs (Fig. 1D, E).
Low levels of BiPOLES were found at the plasma membrane (PM) and in
few intracellular aggregates, while QuasAr2 localized mainly to the PM.
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As QuasAr2 excitation (637 nm) causes some activation of Chrimson
(their spectra overlap***’; Supplementary Fig. 5A), we needed to
counteract its effects via GtACR2, by compensatory light from the
monochromator. The wavelength was adjusted until =5 and 5% AF/Fo
could be maintained for ca. 5s. Additional assays ensured that com-
pensatory light reinstates normal function: In animals expressing the
OVC in BWMs or cholinergic neurons, 637 nm laser light diminished
motor behavior. However, compensatory light restored body length
and swimming behavior (Supplementary Fig. 5B-E and Supplementary
Movie 1), and BWMs expressing the OVC showed voltage fluctuations
comparable to animals expressing QuasAr2 only (Supplementary
Fig. 5F-H). 637 nm laser light did not fully activate Chrimson, as it
could be further excited by 590 nm (300 yW/mm?) light, increasing
QuasAr2 fluorescence by 2.3% (Supplementary Fig. 5I). After bleaching
correction, prior to each individual experiment (R* of the exponential
fit was always >0.8, in most cases even >0.95; Supplementary Fig. 6A),
the OVC generated incremental changes in wavelength that closely
followed the fluctuating fluorescence signals (i.e., membrane voltage;
Fig. 1F), as soon as the tolerance range for holding AF/F, was exceeded.
Cells were reliably and quickly (Supplementary Fig. 6B, C), clamped to
holding values between -5 and 5% AF/F, (Fig. 1F, G; Supplementary
Fig. 6D). Due to the bidirectionality and live feedback, the BiPOLES-
OVC acted significantly faster than when using single actuators, par-
ticularly for the return towards resting potential: Transition times were
only 147.7 £25.5ms (5>0%) and 88.0£5.7 ms (-5->0%) for BiPOLES,
compared to 678.6+148.9ms for ChR2 and 239.5+29.9ms for
GtACR2 (Fig. 1H and Supplementary Figs. 3G and 6C-E). The transition
time depended on the system’s sampling rate: At 40 Hz sampling rate,
the transition times were significantly larger, since the I-controller then
applies fewer control signals to the system within a given period
(Supplementary Fig. 6E). Evaluation of all control events (of 11 ran-
domly selected experiments) demonstrated that almost 50% of those
events were completed (i.e., AF/Fg back in tolerance) within 20-30 ms.
These events where associated with smaller control deviations (Sup-
plementary Fig. 6F). Analysis of the system’s accuracy showed that the
control deviation was within +1% (corresponding to the selected tol-
erance range) at 84% of all time points, and 50% occurred even within
+0.5% (Supplementary Fig. 6G). An analysis of the time-dependent
accuracy of the control error (root mean square of the deviation;
r.m.s.d.) confirmed stability, apart from the periods of the transition
time (Supplementary Fig. 6H). The OVC allowed continuous bidirec-
tional clamping for extended periods (Supplementary Fig. 61-L). Once
the closed-loop control was interrupted, membrane voltage approa-
ched baseline and higher fluorescence fluctuations were observed
(1.87 £0.1 vs. 0.78+0.05% AF/Fy during —5% clamping; 1.89 + 0.14%
AF/Fo for animals expressing only QuasAr; Supplementary Fig. 5SF-H).
Importantly, the cell could also be actively steered back to the initial
fluorescence level by the OVC (Fig. IF, G).

Calibrating QuasAr2 fluorescence and membrane potential

in BWMs

To calibrate the OVC system and determine the actually accessible
voltage range, we measured voltage and fluorescence simulta-
neously (Supplementary Fig. 7A). Concurrent laser (637 nm) and
compensation illumination (520 nm) did not significantly alter
membrane resistance (Fig. 1I), or APs, that could be observed by
fluorescence and patch-clamp simultaneously (Fig. 2A and Supple-
mentary Fig. 7B, C). The dual illumination also did not alter mem-
brane potential; however, adding 470 nm light could hyperpolarize
the cell by about 16 mV (Supplementary Fig. 7D). Small voltage
fluctuations, likely representing EPSPs, were similar in dark and
light conditions by amplitude and frequency (Supplementary
Fig. 7ZE-G). Thus, BiPOLES activation, despite the open channels, did
not lead to general shunting of membrane potential in C. elegans
muscle. In simultaneous electrophysiology and optical OVC

experiments, induced fluorescence changes (-3 to +3% AF/Fo, and
returning back to 0% AF/Fy) modulated voltage by ca. -7 to +8 mV
(Fig. 2B-E), i.e., ca. 15 mV range per 6% AF/Fo (24 mV per 10% AF/Fo;
given the linear fluorescence-voltage relation of QuasAr2; ref. 11).
Note, a smaller AF/F, range was chosen to facilitate patch-clamp
measurements; briefer optical clamp periods (400 ms instead of
2s) allowed accessing broader voltage ranges (see below). We ver-
ified the fidelity of the OVC by assessing whether the initially
deduced calibration function may cause progressive errors during
the voltage clamp phase. Correlating induced AF/Fy traces to
evoked membrane potentials revealed no (increasing) deviation of
actual voltages from OVC-imposed trajectories (Supplementary
Fig. 7H-K).

Measuring all-optical I/V relationships

The OVC allowed reliable optical voltage clamping. We wondered if we
could also use it to acquire all-optical I/V relationships. To this end, we
devised a different software “pseudo I/V curve” (Supplementary Fig. 8A
and Supplementary Code 1), which can consecutively present different
AF/Fq clamp steps. First, we performed optical experiments, relating
different AF/Fo clamp values (= voltage equivalent) to observed
wavelengths (= current equivalent), required to achieve the respective
fluorescence steps (Fig. 2F, G). These purely optical experiments (in
intact animals) showed that a range of at least £10% AF/Fy can be
achieved with wavelengths of ca. 470-585 nm, different to the simul-
taneous OVC/patch-clamp experiments (Fig. 2H and Supplementary
Fig. 8B). As aninverse control, we presented wavelengths and achieved
a congruent output AF/F, level (Supplementary Fig. 8C, D). Next, we
calibrated the AF/F, steps to actual voltages, and the wavelengths to
actual currents. We again carried out simultaneous OVC/patch-clamp
experiments and examined membrane voltage as a function of the pre-
set clamp fluorescence (Fig. 2I). Individual steps were shortened to
400 ms, which allowed covering a range of +5% AF/Fy. The voltages
determined and the range covered corresponded to those of the +3%
AF/Fo measurements using the ‘standard’ OVC protocol, i.e., ca. 22 mV
(-40 to -18 mV) for +5% AF/Fo (Fig. 2)). Likewise, we determined
membrane currents (at —24 mV, i.e., BWM resting potential), induced
by step changes in applied wavelengths (Fig. 2K). BiPOLES mediated
currents in a total range of ~190 pA, running almost linearly between
420 and 580 nm (Fig. 2L). Linear regression estimations allowed
relating membrane voltages to AF/F, and currents to wavelengths, and
to identify calibration parameters (Fig. 2J, L; “Methods”). Significance
levels for the coefficients were <0.001, indicating high precision. Thus,
averaged optical data can be converted to voltage and currents.

Demonstrating homeostatic changes in muscle excitability
using the OVC

We explored the utility of the OVC to assess divergent cell phy-
siology. unc-13(n2813) mutants lack an essential synaptic vesicle
priming factor*® and thus exhibit largely reduced postsynaptic
currents upon ChR2-stimulation of motor neurons*. Yet, unc-13 and
other neurotransmission mutants showed enhanced muscle con-
traction when BWMs were directly photostimulated. We hypothe-
sized that muscles homeostatically change their excitability. To
explore if the OVC can detect this, we induced a +5% AF/Fo depo-
larization step: In unc-13(n2813) mutants, the OVC required sig-
nificantly blue-shifted light (i.e., less Chrimson activation) to induce
the same level of depolarization as in wild type (534.2+2.8 vs.
550.4 £3.1nm; Fig. 3A, B). Muscles in unc-13 animals may exhibit
higher excitability to balance the lower excitatory input they
receive. Though no significant change in membrane resistance was
observed (Fig. 3C), the amplitude of induced voltage increases was
higher in wunc-13 mutants when we injected current ramps
(Fig. 3D-F). Similarly, APs measured by voltage imaging were sig-
nificantly increased by amplitude and duration (Fig. 3G, H, J). Thus,
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Fig. 2 | Bi-directional optical clamping and calibration of membrane voltage
and currents in BWMs. A APs in simultaneous patch-clamp/fluorescence record-
ings during OVC calibration (637 nm laser + calibration wavelength). Inset: close-up.
B Simultaneous patch-clamp/fluorescence recording, OVC four-step protocol (0,
-3, 3, 0% AF/Fo). Upper: Fluorescence recording, wavelength adaptation and tol-
erance ranges indicated. Lower: Corresponding patch-clamp voltage recording.

C Overlay of mean (+ S.E.M.) wavelength, fluorescence (upper) and voltage traces
(lower; n=12) as in B. D Statistics of data in C; absolute voltages of transitions
during simultaneous OVC measurements (n=12,12,12,12, 7 for cal., steps 1, 2, 3, 4;
p=1,1,1,4.1E-6, 1.6E-7, 4.5E-16 for cal/step 1, cal/step 4, step 1/step 4, step 1/step 2,
step 1/step 3, step 2/step 3). E Voltage modulation for respective steps of OVC
protocol inD (n=12,12,12, 7 for cal>step 1, step 1>step 2, step 1>step 3, stepl->step
4; and p =7.51E-11, 1.04E-21, 1.13E-10, 1 for cal>stepl/step 1->step 2, step 1->step2/
stepl->step3, stepl>step3/stepl->step 4, cal>stepl/step 1>step 4). F Distinct AF/Fo

steps, presented by the OVC (lower: blue shades, tolerance ranges; black trace,
actual AF/Fyo mean + S.E.M.), and the required wavelengths (upper: mean + S.E.M.
nm; n=19). G, H Determining wavelengths (& currents) at the end (orange shade) of
each AF/Fy clamp step (2 voltage) to deduce pseudo-I/V relation (n=19).

1, J Simultaneous OVC/electrophysiology experiment, setting AF/Fy clamp-steps,
measuring resulting membrane potentials, to determine calibration regression
(membrane potential/AF/Fo; 5,4, 3% n=7;3,2,1,0, -1%: n=9; -2%: n=8; —4%:
n=6;-5%: n=5; mean + S.E.M. (I)). K, L Voltage clamp (-24 mV) measurement of
currents resulting from wavelength steps, to determine calibration regression
(current/wavelength, n =8, mean * S.E.M. (K)). White heteroscedasticity test in

(, L, p<0.0001). One-way ANOVA, Bonferroni correction (D, E), ***p < 0.001, box
plots (median, 25th-75th quartiles); open dot: mean; whiskers: 1.5x IQR. n refers to
biological replicates (C-L). Source data are provided as a Source data file.

in response to a lack of presynaptic input, ion channels shaping
muscle APs, i.e., voltage-gated Ca®* (EGL-19) and K*-channels (SLO-2,
SHK-1)****, may undergo homeostatic changes to enable the
observed higher muscle excitability.

egl-19 g.o.f. mutants were shown to mediate larger currents and
slowed inactivation’***. We analyzed APs in the n2368 allele using

voltage imaging (Fig. 31, J), which revealed larger APs of longer
duration than in wild type. We compared the two genotypes by
generating an optical I/V-curve. In the + 5% range (i.e., ca. -40 to
-18 mV; Fig. 21, ]), egl-19 mutants and wild type animals were similar
below 0% AF/Fo (-resting potential) but diverged significantly once
positive AF/Fy clamp values were reached (i.e., —28 vs. -20 mV;
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Fig. 3L and Supplementary Fig. 8E). Since we cannot block K*
channels in intact worms, we calculated the difference of wild type
and mutant data to extract the additional n2368-mediated Ca*'
currents (Fig. 3M). Our optically derived data, corrected for mean
membrane capacitance, compared well to electrophysiological
data* (again, difference of wild type and egl-19 mutants; Fig. 3M).
Thus, EGL-19 g.o.f. channels open at less depolarized membrane
potential, compared to wild type EGL-19.

Optogenetic current-clamp and live OVC

Our approach enables to achieve an “optogenetic current-clamp”. We
wrote according software that allows to present continuous or pulsed
wavelength ramps, or a single light pulse of the selected wavelength,
while AF/F is recorded live (Supplementary Fig. 9A and Supplemen-
tary Code 1). This way, similar to earlier unidirectional approaches™",
we could induce and record APs (or inhibitory potentials) in BWMs in
all-optical experiments (Supplementary Fig. 9B, C). To further extend
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Fig. 3 | Assessing altered cell physiology in mutants affecting synaptic trans-
mission and ion channels, using the OVC. A unc-13(n2813) mutant and wild type
animals were subjected to OVC depolarization, to +5% AF/F,. Mean wavelength
traces (£ S.E.M.), wild type: n =9, unc-13(n2813): n =10. B Mean wavelength required
during the depolarization step to hold +5% AF/Fo (p = 0.0012, n—numbers as in A).
C Membrane resistance was analyzed in wild type and unc-13 mutant muscles. wild
type: n =10, unc-13(n2813): n=9. D, E Current ramps (0-20 pA over 100 ms; cyan)
were injected into wild type and unc-13 mutant muscles and the induced voltage
increases were aligned to the peak (p = 0.74). wild type: n=11, unc-13(n2813): n=>5.
F Group data of induced voltage increases in D, E (p = 0.04, n—numbers as in D, E).
G-I Optical recordings of spontaneous APs in wild type animals, unc-13(n2813) and
egl-19(n2368) mutants. Overlay of single (each two are highlighted in cyan) and
mean (+ S.E.M.) traces. wild type: n= 6, 27 APs analyzed; unc-13(n2813): n=35, 26 APs
analyzed, egl-19(n2368): n=7, 28 APs analyzed. J, K Statistical analysis of peak AP

amplitude (wt/unc-13: p = 8.27E-4, wt/egl-19 p = 3.04E-4) and AP duration (at FWHM;
wt/unc-13: p=0.0082, wt/egl-19 p =1.53E-6) of data in G-1. n—numbers as in G-1.
L All-optical //V-relationship (mean + S.E.M.) obtained in wild type (n=17) and egl-
19(n2368) mutants (n=14) (2% p=0.018, 3% p = 9.36E-9, 4% p = 7.26E-10, 5%
p=7.92E-9). M Data in L were transformed to //V-relations (mean + S.E.M.), using
calibrations in Fig. 2J, L. The currents were normalized using capacitance measured
in patch-clamped muscle cells (analogous to Fig. 11). Data obtained for wild type
(gray, n=17) was deduced from egl-19 data (yellow, n = 14), generating a difference
curve (dashed, yellow), and compared to difference data obtained by
electrophysiology* (n=16) in wild type and egl-19(n2368) mutants (blue). Two-
sided ¢ test with Bonferroni correction in (B, C, F, J, K). **p < 0.001, *p < 0.01,

*p <0.05 and box plots (median, 25th-75th quartiles); open dot: mean; whiskers:
1.5x IQR. n—numbers refer to independent biological replicates (animals) (A-M).
Source data are provided as a Source data file.

the applicability of the OVC, we wanted to enable the researcher to
respond to observations and to dynamically adapt clamping para-
meters. We thus wrote software “on-the-run” allowing to select holding
AF/Fo values during a running acquisition (Supplementary Fig. 9D and
Supplementary Code 1). The software provides a live status update,
whether the OVC system is on hold, adapting or if it has reached its
limits (Supplementary Fig. 9E, F and Supplementary Movie 2). Using
this tool, we could show that the OVC remained responsive to fre-
quently changing live selected clamping values up to several minutes
(Supplementary Fig. 9G, H).

Establishing the OVC in cholinergic and GABAergic motor
neurons

We tested if the OVC works also in C. elegans neurons. Cholinergic and
GABAergic motor neurons are small (ca. 2-3 um cell body, BWMs ca.
50um) and exhibit low absolute fluorescence. Both mCerulean
(BiPOLES) and QuasAr2 fluorescence were observed in respective
ganglia, including the anterior nerve ring and ventral nerve cord
(Fig. 4A, B). Calibration parameters could be adopted from muscle
experiments (Fig. 4C). The OVC could readily clamp neuronal voltage-
dependent fluorescence between -5 and 5% AF/F, (Fig. 4C-G), and also
adaptive experiments were possible (Supplementary Fig. 91, J).

Establishing the OVC in mammalian neurons

Rodent neurons are larger, more hyperpolarized cells and display
faster AP kinetics than C. elegans muscles and neurons. Since such cells
are relevant to studies of human-like neurophysiology, we explored
the utility of the OVC in rat hippocampal pyramidal neurons (orga-
notypic slice culture; Fig. 5A), expressing QuasAr2 and soma-targeted
(som)BiPOLES. After bleaching calibration (Fig. 5B), optical clamping
could be achieved between 3% AF/F, (Fig. 5B, C) with the OVC pro-
tocol as used in C. elegans. Importantly, in the absence of somBiPOLES,
monochromator light did not lead to modulation of QuasAr2 fluores-
cence (Fig. 5D), while electrically evoked potential shifts (100 mV
depolarization step, from -74.5mV to +25.5mV holding voltage)
caused clear increases of QuasAr2 fluorescence (ca. 21% AF/Fo; Fig. S5E).
In cells expressing QuasAr2 and somBiPOLES, the +3% AF/Fo, OVC
protocol caused hyperpolarizing and depolarizing potential jumps (ca.
-4 mV and +3 mV, respectively; Fig. 5F, G). These were small, compared
to earlier experiments using somBiPOLES, where 595 nm light appli-
cation caused depolarization of up to 30 mV, while 400 nm light
clamped cells to the CI reversal potential®’. Possibly, due to the more
negative resting potential in mammalian neurons compared to C. ele-
gans cells, 637 nm activation of Chrimson causes stronger effects, and
thus the OVC triggers more compensatory GtACR2 currents. When we
expressed somBiPOLES only, 637 nm laser light depolarized hippo-
campal neurons (via Chrimson) by ca. 21.5mV, which could be partially
counteracted by GtACR2 activation using 530 nm compensation light
(Fig. 5H). However, due to the high conductance of GtACR2, shunting
effects likely prevented further optical hyper- or depolarization. Thus,

in mammalian neurons, the OVC works with a limited range, likely due
to different voltage and ion conditions in the resting state, and prob-
ably due to higher relative expression levels, as compared to C. elegans.

Dynamic suppression of APs in pharyngeal muscle

Thus far, we imposed fixed voltage steps to cells. To see if the OVC can
dynamically counteract spontaneous activity, as opposed to shunting
hyperpolarization, we turned to a periodically active muscular pump,
the C. elegans pharynx (Fig. 6A).

This feeding organ exhibits periodic, ca. 4 Hz APs?. Closing of the
grinder, a structure used to crush bacteria, was forced by activation of
GtACR2 (400 nm), and could be observed by QuasAr2 fluorescence
(Supplementary Fig. 10A). lllumination with only the 637 nm laser
caused grinder opening. The OVC could clamp the pharynx statically
between -5 and 5% AF/Fo (Supplementary Fig. 10B-D), and dynami-
cally follow its activity to keep it at 0% AF/Fo (Fig. 6B, C and Supple-
mentary Movie 3). Optically observed APs showed a rise time constant
of around 15ms and duration of ca. 150 ms (at full-width-half-
maximum (FWHM))®. To clamp these APs dynamically, i.e., to coun-
teract de- and repolarization phases quickly enough, we set the OVC
software parameters to respond with more pronounced wavelength
changes to a given fluorescence change (increased integral gain;
“Methods,” Eq. 6), and reduced the tolerance range to + 0.005%.
During calibration, APs showed 26.0 +1.6% AF/F, mean amplitude and
118.7 £ 7.3 ms duration at FWHM (Fig. 6B, C, E, F). Upon clamping, all
subsequent attempts to spike were dynamically counteracted and
almost completely suppressed (Fig. 6B-F). Clamping was rapid: APs
occurring at clamping onset were shortened by 65%, while the OVC
traversed the full wavelength spectrum within 20 ms (Fig. 6D). Signal
amplitude was significantly reduced to ca. 5+ 0.7% (Fig. 6E, F), as was
its duration (to 83.14 + 8.8 ms at FWHM). The greatly reduced voltage
signals also resulted in the suppression of pump events (Fig. 6G). This
finding supports the effectiveness of OVC-mediated AP suppression.
As shown above in BWMs, APs, associated with the opening of the
grinder, could be elicited using the current clamp mode (Supple-
mentary Fig. 10E, F).

Dynamic clamping of APs in the GABAergic motor neuron DVB
C. elegans exhibits a rhythmic motor program to move and expel gut
contents?2, Expulsion muscle contraction is regulated by an intest-
inal pacemaker and by GABAergic motor neurons DVB and AVL
(Fig. 7A). Ca** imaging of DVB* revealed activity reminiscent of APs,
thus far observed in only few C. elegans neurons*. DVB voltage ima-
ging showed APs (7.7 +1% AF/Fo, 500 + 60 ms at FWHM) at regular time
intervals of 40-50 s, that were followed by posterior body contraction
(Fig. 7B). Using parameters as for the pharynx, DVB APs were clamped
to significantly reduced amplitude and duration (Fig. 7C, D and see
Supplementary Fig. 10G for single trace). DVB allowed calibrating the
neuronal OVC by patch-clamp electrophysiology*’: resting potential
was —49.0 £ 8.9 mV (Fig. 7E, F), and increasing current steps (1 pA)
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Fig. 4 | Bi-directional clamping of voltage-dependent fluorescence in C. elegans
neurons. A OVC in cholinergic or GABAergic neurons. B Confocal fluorescence
z-projections of BiPOLES (mCerulean) and QuasAr2 expression. Arrowheads: Neu-
ronal cell bodies. Scale bars: 50 um. Representative image (from n =11 (cholinergic)
or 16 (GABAergic neurons)). C OVC protocol (holding values 0, =5, 5% AF/Fo) in
cholinergic neurons, single recording. D, E Mean (£S.E.M.) traces of the OVC in

cholinergic (D; n=14), or GABAergic (E, n = 7) neurons, respectively, holding values:
0, -5, 5% AF/Fo. F, G Transition times for 5 and 10% AF/F, steps (F: cholinergic, G:
GABAergic neurons, n—numbers as in D, E); box plots (median, 25th-75th quar-
tiles), open dot: mean, whiskers: 1.5 IQR. n—numbers refer to independent bio-
logical replicates (animals) (D-G). Source data are provided as a Source data file.

evoked APs (-23.4 mV threshold, depolarization to 26.3 mV, 359 ms
duration (FWHM), —-38.5mV after-hyperpolarization; n=35; Fig. 7F).
DVB AP amplitude thus is ca. 50 mV. Although fluorescence baseline
may be altered by the 637 nm laser and Chrimson activation, this did
not evoke APs. Thus, the QuasAr2 signal in DVB, i.e., 7.7% AF/Fo for an
AP, corresponds to ca. 50 mV (calculating from threshold, or up to
75 mV, from resting potential).

Discussion

Here, we established the first, to our knowledge, all-optical voltage-
clamp approach to date. We demonstrated its performance in var-
ious excitable cell types in intact animals (C. elegans) and tested it in
mammalian hippocampal neurons. In C. elegans, the OVC allowed
reliable clamping of voltage in two muscular organs and three
neuron types via QuasAr2 fluorescence read-out and bidirectional
optogenetic actuation via BiPOLES. The OVC could further
detect the altered postsynaptic excitability of unc-13 mutants, a

homeostatic response to reduced presynaptic input, and allowed
deducing all-optical 1/V-relationships that provided insight into
altered functionality of the L-type VGCC EGL-19 in a g.o.f. mutant,
matching electrophysiological data. Using the OVC, we did not only
control resting membrane potential, but could also dynamically
clamp spontaneous rhythmic activity and APs in pharyngeal muscle
and in the motor neuron DVB.

The OVC operates at sampling rates up to 100 Hz on a typical PC
with moderate computing power. This orchestrates the communica-
tion between camera and monochromator, while in parallel running
image acquisition and providing live computation of bleaching-
corrected AF/F, values, fed into a decision tree and Integral-control
algorithm. An alternative algorithm with PID controller and Kalman
filter showed similar performance. While the OVC at present is slower
than standard patch-clamp electrophysiology, it is not necessarily less
sensitive or accurate, within the range of experimental variation, and
given variations imposed by dissection required for electrophysiology.
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Fig. 5 | Establishing the OVC in rat hippocampal pyramidal neurons.

A Fluorescence micrographs of somBiPOLES (CFP co-expression marker) and
QuasAr2 expression in a neuron (asterisk). Scale bar: 10 um. Representative image
(from n=3). B OVC three-step protocol (0, -3 and 3% AF/F,). Right: Wavelength
shown in the respective color (upper), holding values and tolerance range (gray
boxes, lower panel) are indicated for each step. Left: Orange shade marks transi-
tion/calibration period to reach tolerance range. C Overlay of mean (+S.E.M.)
wavelength (upper panel) and fluorescence traces (lower panel; n=12; holding
values: 0, =3, 3% AF/Fo). D Average fluorescence data (lower panel) for cells
expressing QuasAr2 only, while the OVC attempts to run a 0, -3, 3% AF/F, protocol
(n=5; upper panel: Monochromator wavelength). E QuasAr2 fluorescence during
electrically evoked 100 mV depolarization step, from —74.5 mV to +25.5 mV holding
voltage (n=3, 10 steps analyzed per cell, p = 0.046). F Simultaneous patch-clamp

(voltage, lower panel) and fluorescence recording (upper panel) with indicated
wavelength adaptation and tolerance ranges. G Statistical analysis of voltage
modulation between transition events during simultaneous patch clamp/OVC
measurements (step 1 - step 2/cal. > step 1: p = 1.62E-4; step 1 > step 3/cal. > step 1:
p=0.00578; step 1 > step 3/step 1 > step 2: p=2.96E-6; cal. > step1: n=7, step1 >
step 2: n=7, step 1 > step 3: n=4). H Modulation of membrane voltage in cells
expressing somBiPOLES only, in response to different light application, asindicated
(laser/dark: p =7.07E-7; laser + cal./dark: p=1.97E-4; n=5). Two-sided ¢ test with
Bonferroni correction in E. One-way ANOVA with Bonferroni correction in G, H.
***p <0.001, *p<0.01, *p < 0.05. In G, H, box plots (median, 25th-75th quartiles);
open dot: mean; whiskers: 1.5x IQR. n—numbers refer to independent biological
replicates (animals) (C-E, G, H). Source data are provided as a Source data file.

The OVC outperforms electrophysiology in terms of non-invasiveness,
throughput and ease of application.

Though activation of Chrimson by QuasAr2 excitation light
evoked currents, this effect could be counterbalanced in C. elegans by
the bidirectionality of BiPOLES, using compensating GtACR2 activa-
tion. Despite this low level opening of BiPOLES channels, no significant
effects on membrane resistance or membrane potential were
observed, intrinsic neuronal activity and cellular excitability were
normal, muscles fired regular APs, locomotion behavior was unaltered,
and also spontaneous activity in pharyngeal muscle or the DVB neuron
were unaffected.

The voltage range covered by the OVC differed between muscles
and neurons: 10% AF/Fy change corresponded to about 22mV in
BWMs, and to about 65 mV in DVB. Differences in membrane potential
and AP amplitude depend on the different ion channels and gradients

present in the two cell types, and input resistance. The different range
of AF/F, fluorescence of QuasAr2 in muscles and neurons may also
correspond to different levels of QuasAr2 protein in plasma membrane
vs. intracellular membranes of the two cell types. Fluorescence from
the latter would not contribute to voltage-dependent AF/Fo, while it
would increase overall fluorescence at rest.

BiPOLES mediated currents in a range of approx. 190 pA,
comparable to common optogenetic tools**~****, but falling behind
the effects of individually expressed ACR2". In terms of accuracy
and in line with previous patch-clamp measurements in BWMs, the
examined (patched) cells show a normal distribution in resting
potential (ca. =23 to -27 mV), which remains unchanged during the
calibration phase. Since our system is based on relative changes in
fluorescence, which originate from slightly varying resting poten-
tials, set clamp values may be subject to small variations. The OVC is
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Fig. 6 | All-optical clamping of APs in pharyngeal muscle. A The pharynx, a
muscular pump used for feeding, expressing BiPOLES and QuasAr2 (fluorescence,
representative image (from n = 8)). Scale bar is 50 um. B-D OVC experiment in
pharyngeal muscle, holding fluorescence at 0% AF/Fq and suppressing APs.

B Original trace, calibration and clamping. Inset: close-up of boxed region, transi-
tion calibration to clamp phase. ADU: analog-to-digital units. C Overlay: wavelength
and AF/Fy traces during clamp phase. D Close-up of box in C: OVC counteracting
first AP during clamp phase. E Aligned traces of spontaneous (light gray, n=8
animals, 5 APs each) and clamped (blue) pharyngeal fluorescence signals. Mean

wavelength chosen by the system shown in respective color. F Statistics of data in
E and additional APs (n =8 animals, 10 APs each; amplitude p = 1.45E-8, duration
p=0.0078), fluorescence voltage signal amplitude and duration at FWHM.

G Pumping, observed visually, was suppressed by dynamic OVC clamping (n=7;
p=2.028E-4). In F, G: box plots (median, 25th-75th quartiles), open dot: mean,
whiskers: 1.5 IQR. In F, G, two-sided ¢ test with Bonferroni correction. ***p < 0.001,
**p < 0.01. n refers to biological replicates (E-G). Source data are provided as a
Source data file.

not a one-to-one replacement for electrophysiology: Membrane
potential is mapped as a relative change using fluorescence, thus
requiring calibration measurements to deduce absolute values. The
rhodopsins used are not as persistent as a patch-clamp electrode

and limited by the cells’ reversal potentials for the respective ions.
However, in the range of physiological voltage fluctuations in the
respective cell type, the OVC is robust and enables generating data
with the advantages of a purely optical, contact-less system. This
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Fig. 7 | All-optical clamping of APs in the enteric motor neuron DVB.

A GABAergic motor neuron DVB (cyan), innervating enteric muscles (gray, upper
panel). Below: confocal z-projection, BiPOLES and QuasAr2 in DVB, and overlay;
scale bar: 50 um. B Voltage fluorescence signals, spontaneous APs in DVB (blue
trace). Expulsion muscle contraction, deduced from DVB movement (gray trace).
Right panel: Close-up of boxed region. C Overlay of spontaneous (light gray traces,
n=8; mean: black) and clamped (blue traces, n=5; mean: orange) DVB voltage
signals. Mean wavelength set by OVC shown in respective color. D Statistics of data
in C, mean voltage fluorescence signal amplitude and total duration (amplitude

p=0.0073, duration p = 7.97E-8). E Current clamp recordings (n = 5, lower panel) of
DVB in dissected animals, following indicated (upper panel) hyperpolarizing (gray)
and depolarizing (cyan) current injection (1 pA steps). F Group data of E: resting
potential, threshold, peak amplitude, duration at FWHM, and after-
hyperpolarization (AHP). In D, F: box plots (median, 25th-75th quartiles), open dot:
mean, whiskers: 1.5x IQR. In D, two-sided ¢ test with Bonferroni correction.

***p <0.001, *p < 0.01. n refers to biological replicates (C-F). Source data are
provided as a Source data file.

enables acquiring I/V-relationships, and to some extent (since
without feedback), current clamp.

In mammalian neurons, optical voltage control was currently
limited to a few mV. This was likely due to the resting potential being
close to the Cl-reversal potential, but possibly also due to BiPOLES
expression levels, as imaging light affected membrane conductance.
Thus, in comparison to C. elegans, more activation of GtACR2 is
required to counteract Chrimson-based depolarization, causing
membrane leak. Minimizing the optical crosstalk of voltage sensor and
BiPOLES is especially important in mammalian neurons. Further red-
shifted voltage sensors and blue-shifted BiPOLES variants are thus
required for future OVC experiments. Light-driven ion pumps, pro-
vided they become as powerful as the channels used, could be a future
alternative.

The speed of the OVC, characterized by transition times of about
90-150 mis for the relevant induced AF/Fg steps, is currently limited by
the software that operates at a maximum sampling rate of 100 Hz. The
software currently runs within uyManager on a PC. Running the software
on an integrated circuit, like a field programmable gate array, and
using small ROIs, may enable faster sampling rates up to 1kHz. The
goal would be to identify the optimal sampling rate, thus bringing the

transition time closer to the open loop system time constant of
approx. 20 ms (50 Hz system frequency) and optimize control quality.
In general, sampling rates should exceed the system frequency by at
least a factor greater than 2, but ideally by 6-20 (ca. 300-1000 Hz)**°.
The optimal sampling rate is not exclusively dependent on that system
frequency, but is also limited by the necessary computing time of the
processor and the photon count at shorter exposure times. Con-
sidering the high photon count at 10 ms exposure, and assuming a
linear relation of exposure time and photon count, we expect that the
latter will still be sufficient at theoretical sampling rates of up to 1kHz
(assuming 185,000 captured photons, accuracy <0.4%; Supplementary
Table 1). In addition, alternative, or even future optogenetic tools with
faster kinetics might overcome the ultimate speed limitation imposed
by the OVC’s current tool combination and inherent system frequency.
Here a 10x faster variant of Chrimson®?, and the 20x faster ZipACR
were described®’. That rhodopsin channels show some inactivation
during prolonged illumination is not a concern, because the OVC
feedback loop can counteract progressive inactivation of BiPOLES
components, at least until one of those would desensitize completely.
We observed no problems in measurements lasting up to three
minutes.
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The OVC detected altered muscular excitability in C. elegans unc-
13 mutants, likely caused by changes in ion channel physiology, and it
could directly confirm altered channel excitability and currents
through a g.o.f. variant of the EGL-19 VGCC. This shows that the OVC
represents an approach to enable all-optical, contact-less high-
throughput screening applications, e.g., of compound libraries tar-
geted at ion channels. Testing its use in mammalian cell types other
than neurons, where such ion channels can be expressed individually,
and where the resting membrane potential is less depending on the CI'-
gradient, will facilitate this approach.

The establishment of the OVC paves the way for all-optical control
of individual neurons in freely behaving transparent animals like C.
elegans. Accuracy of fluorescence quantification (and thus OVC feed-
back) requires the cell to remain in focus, which can be achieved with
the OVC, while it is impossible to keep a patch-clamp electrode phy-
sically attached to such a small animal. Using the OVC on neurons
controlling behavior will allow fine-tuning of behavioral aspects, and
enable understanding how activity of the individual cell regulates
them. Online behavioral analysis (e.g., extent of body bending, loco-
motion velocity), may be used for feedback to the neuron such that
behavior can be dynamically controlled.

Transferring the OVC to other model organisms may require
modifications depending on the respective cellular properties.
Extending electrophysiology applications, and provided the
monochromator light is projected via a digital micromirror device,
the OVC should enable efficient space clamp, as well as dynamic
local clamping in neuronal processes. The OVC software is uni-
versally applicable, as it can be adapted to other GEVI-optogenetic
actuator combinations. The OVC broadens applicability of opto-
genetics as it allows modulation in closed-loop, to better adapt to
the variable activity patterns found in living organisms. Dynamic
responsiveness is also advantageous with regard to future ther-
apeutic applications, for example in acute control of seizures™, or in
adaptive deep brain stimulation, as it would allow adjusting the
therapy to the need of the patient®.

Methods

Transgenic C. elegans strains

C. elegans were cultivated at room temperature (21 °C) on nematode
growth medium (NGM) plates, seeded with E. coli OP50-1 strain*’. The
following strains were used or generated, and are available upon
request: ZX2476: zxEx1139[pmyo-3::QuasAr2; pmyo-2::CFP], ZX2482:
zxEx1145[pmyo-3::QuasAr2; pmyo-2::CFP]; zxIsS[punc-17::ChR2(H134R)::
Yfp.lin-15+], ZX2483: zxEx1146[punc-17::ACR2::eYFP; pmyo-3::QuasAr2;
pelt-2::GFP], ZX2586: zxEx1228[punc-17::GtACR2:mCerulean:BHK::
Chrimson; pelt-2:GFP], ZX2714: 2zxEx1250[punc-17::GtACR2::mCer-
ulean:;BHK::Chrimson; pmyo-3::QuasAr2; pelt-2:GFP], ZX2753: zxEx
1266[pmyo-3::GtACR2::mCerulean:fHK::Chrimson;  pmyo-3::QuasAr2;
pmyo-2::CFP], ZX2755: zxEx1268[punc-47::QuasAr2:GFP; pmyo-2::CFP],
7X2826: zxEx1282[pmyo-2::QuasAr2;  pmyo-2::GtACR2:mCerulean::
BHK::Chrimson; pmyo-3::CFP], ZX2827: zxEx1283[punc-17::GtACR2::m-
Cerulean::fHK::Chrimson; punc-17:QuasAr2; pelt-2::GFP], ZX2828:
2ZxEx1284[punc-47:QuasAr2::GFP;  punc-47:GtACR2::mCerulean:.fHK::
Chrimson; pmyo-2::CFP], ZX2876: zxIs139[pmyo-3::GtACR2::mCerulean::
BHK::Chrimson; pmyo-3::QuasAr2; pmyo-2::CFP], ZX2935: unc-13(n2813);
zxIs139[pmyo-3::GtACR2::mCerulean::fHK::Chrimson; pmyo-3::QuasAr2;
pmyo-2::CFP]; ZX3074: egl-19(2368); zxlIs139[pmyo-3::GtACR2::mCer-
ulean::bHK::Chrimson; pmyo-3::QuasAr; pmyo-2::CFP]. These strains are
available upon request from A. Gottschalk.

Molecular biology

Plasmids pAB4 (punc-17::ACR2::eYFP), pAB16 (pmyo-3:QuasAr;
Addgene plasmid #130272), pAB17 (punc-17::QuasAr), pAB23 (ptdc-
1s::QuasAr::GFP) and pNH12 (pmyo-2::MacQ::mCitrine) were described
earlier”®. pAB26 (punc-17::GtACR2::mCerulean::BHK::Chrimson)

was generated by Gibson Assembly based on RM#348p (punc-17; a gift
from J. Rand) and pAAV-hSyn-BiPOLES-mCerulean (Addgene plasmid
#154944), using Nhel and primers 5-attttcaggaggacccttggATGGCATC
ACAGGTCGTC-3 and 5™-ataccatggtaccgtcgacgTCACACTGTGTCCTCG
TC-3'. pAB27 (pmyo-3::GtACR2::mCerulean::BHK::Chrimson) was
generated via Gibson Assembly based on pDD96.52 (pmyo-3, Addgene
plasmid #1608) and pAAV-hSyn-BiPOLES-mCerulean, using BamHI and
primers 5’-actagatccatctagagATGGCATCACAGGTCGTC-3' and 5'-ttggc
caatcccgggCACTGTGTCCTCGTCCTC-3. pAB28 (punc-47::QuasAr::
GFP) was generated by Gibson Assembly based on pMSMO08 (punc-
47::eGFP::MmBoNTB) and pAB23 (ptdc-Is::QuasAr::GFP), using Xmal,
Mscl and primers 5'-ttacagcaccggtggattggATGGTAAGTATCGCTCTG-3
and 5'-ttctacgaatgctcctaggcCTATTTGTATAGTTCATCCATGC-3'. pAB
29 (pmyo-2::QuasAr) was generated by Gibson Assembly based on
pNH12 (pmyo-2::MacQ::mCitrine) and pAB16 (pmyo-3::QuasAr), using
primers 5’-caccgagtgaGAAGAGCAGGATCACCAG-3, 5'-tgcagagcgatac
ttaccatCCCCGAGGGTTAAAATGAAAAG-3, 5-ATGGTAAGTATCGCTCT
GCAG-3 and 5-cctgctcttctcaCTCGGTGTCGCCCAGAATAG-3'. pAB30
(pmyo-2::GtACR2::mCerulean::bHK::Chrimson) was generated by
Gibson Assembly based on pNHI12 (pmyo-2::MacQ::mCitrine) and
pAAV-hSyn-BiPOLES-mCerulean, using BamHI, Hindlll and primers 5-
ggacgaggacacagtgtgaaAAGAGCAGGATCACCAGC-3 and 5-agacgacc
tgtgatgccatgCCCCGAGGGTTAAAATGAAAAG-3. pAB31 (punc-47:
GtACR2::mCerulean::bHK::Chrimson) was made by Gibson Assem-
bly based on pAB28 (punc-47::QuasAr::GFP) and pAAV-hSyn-BiPOLES-
mCerulean, using Agel, EcoRl and primers 5-acatttatttcattacag
caATGGCATCACAGGTCGTC-3’ and 5-agcgaccggcgctcagttgg TCACAC
TGTGTCCTCGTC-3'. These plasmids available upon request from A.
Gottschalk.

For mammalian neuronal expression, the coding sequence of
QuasAr2® (Addgene #107705) was cloned together with a trafficking
signal (ts: KSRITSEGEYIPLDQIDINV) and an ER-export signal (ER:
FCYENEV) from the Kir 2.1 channel*** into an AAV2-backbone behind a
human synapsin (hSyn) promoter resulting in pAAV-QuasAr2-ts-ER.
These plasmids are available upon request from S. Wiegert.

OVC voltage imaging experiments

For voltage imaging experiments, animals were supplemented with
all-trans retinal (ATR; Sigma-Aldrich, USA): One day prior to
experiments, transgenic L4 stage animals were transferred to NGM
plates, seeded with OP50 bacterial suspension mixed with ATR
(stock in ethanol). To avoid interfering fluorescence of unbound
ATR, its concentration was adjusted for each tissue. Final ATR
concentrations (mM): BWMs (0.01), pharynx (0.03), cholinergic
neurons (0.1), GABAergic neurons (0.005). Animals were immobi-
lized with polystyrene beads (0.1 um diameter, at 2.5% w/v, Sigma-
Aldrich) on 10% agarose pads (in M9 buffer). Voltage-dependent
fluorescence of QuasAr2 was excited with a 637 nm red laser (OBIS
FP 637LX, Coherent) at 1.8 W/mm? and imaged at 700 nm (700/75
ET Bandpass filter, integrated in Cy5 filter cube, AHF Analy-
sentechnik), while optogenetic actuators (BiPOLES, GtACR2 or
ChR2(H134R)) were activated using a monochromator (Polychrome
V, Till Photonics/Thermo Scientific), set to emit light from 400 to
600 nm at 300 yW/mm? Imaging was performed on an inverted
microscope (Zeiss Axio Observer Z1), equipped with a x40 oil
immersion objective (Zeiss EC Plan-NEOFLUAR x40/N.A. 1.3, Oil DIC
~/0.17), a laser beam splitter (HC BS R594 lambda/2 PV flat, AHF
Analysentechnik), a galilean beam expander (BE02-05-A, Thorlabs)
and an EMCCD or an sCMOS camera (Evolve 512 Delta, Photo-
metrics, or Kinetix 22, Teledyne). All OVC experiments were per-
formed at up to 100 fps with 10 ms exposure and a binning of 4 x 4
(computer specifications: 24 GB RAM, AMD FX-8150 Octa-core
processor (3.6 GHz), NVIDIA GeForce GT 520). To induce phar-
yngeal pumping, animals were incubated in 3 ul serotonin (20 mM,
in M9) for 3 min prior to experiments.
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OVC software

The OVC control software was written in Beanshell, the scripting lan-
guage used by the open source microscopy software uManager v.
1.4.22%, Scripts are provided in supplementary information (Supple-
mentary Code 1). Experiments were initiated via the uManager script
panel. For support of Polychrome V related commands, a copy of the
Java archive file TILLPolychrome.jar must be placed into the MMPlugins
folder and the dynamic link library file TILLPolychromel.dll into the
Sys32 folder (both provided by Till Photonics). The main OVC software
is compatible with all cameras supported by uManager. Before running
the software, simple rectangular ROIs (to save computation capacity,
Supplementary Fig. 1B) must be selected in the live image mode by
using the ROI button in the uManager main window. Once a ROI is
selected, the script can be executed via the script panel GUI. An input
tab prompts the user to select the OVC- and acquisition parameters.
The software allows to define a holding AF/F, value (in %) and the
number of frames for each of the steps (three- or four-step-protocol).
One can further select the number of frames for the calibration period,
the tolerance range (in %; range in which the actual value may fluctuate
around the target AF/Fo, and in which limits the control variable
wavelength is set to hold), the algebraic sign of the increment factor
that decides whether to increase or decrease the wavelength with
respect to the current AF/Fy, the starting wavelength and the wave-
length limits (in nm). The free choice of these parameters ensures that
the program can also be used for other and/or future combinations of
optogenetic tools with different spectral properties. For acquisition,
light intensity of the Polychrome V (in %), exposure time of the camera
(in ms) and binning can be selected.

During calibration, acquired gray values are stored in an array and
used to evaluate the parameters for the exponential decay function to
correct for bleaching of the voltage sensor, live during the clamping
phase (Egs. 1-3; based on the ImageJ Plugin “Correctbleach™**’). At the
last time point of the calibration phase, the first 50 bleaching corrected
gray values of the recording are used to calculate Fq. Subsequently,
bleaching corrected AF/F, values are calculated at each time point of
the clamping phase (Eq. 4). Once the system has access to the
bleaching-corrected AF/Fo values, it feeds them into a decision tree
algorithm, where they are compared to a desired holding AF/Fq value.
Depending on the sign of the difference, it decides, whether to shift the
wavelength blue or red (mirrored by the sign of the increment i[k]).
Wavelength adaptation occurs via an implemented I-controller (inte-
gral gain K; was empirically chosen to fit the desired system-behavior)
that maps the “I” dynamics by buffering the manipulated variable
(wavelength 1) to compensate for permanent control deviation, which
would otherwise occur by using a sole P-controller (Supplementary
Fig. 1A). That means that the difference (error) between command and
current AF/F, determines the wavelength change of the mono-
chromator - hence, the current wavelength results from the previous
plus the respective wavelength change at each time point (Eqs. 5 and 6).
The software comes with a three- or four-step protocol, where among
others, the desired holding values (within a tolerance range) and
number of frames for each step can be selected by the user (Supple-
mentary Fig. 1C and Supplementary Code 1). The system changes the
wavelength only if the tolerance range is exceeded.

e=|AF/Fonoiging — AF /Fol S

A= /lframe—l + Kl *e*i[k] (6)

Exp. offset: exponential offset; a, b, c: exponential fitting parameters;
Ratio: ratio between first and current exponential offset; Feorrect:
Bleaching-corrected gray values; Fame: Gray value of current frame;
AF JF g comece: Bleaching-corrected relative change in fluorescence; Fo:
Resting fluorescence value; e: error. A: wavelength; Kj: integral gain;
ilk]: current sign of the control error. Equations 1-3 are based on the
ImageJ Plugin “Correctbleach™®.

When the OVC acquisition is complete, a results text file is
given out, and the respective image stack is saved automatically as
TIFF file. The results file comprises the selected parameters, the
bleach correction function and its quality, the framerate, as well as
time, (bleaching corrected-) raw gray- and AF/Fy values, and
wavelength traces. In addition, status information (system on hold,
adapting, or wavelength limits reached) is recorded for each time
point of the clamp phase. For the “on-the-run” mode, an additional
control window opens as soon as the measurement starts. Here, the
holding AF/F, values can be selected live, either via a range slider or
with help of the keyboard arrow keys, while a live status update is
displayed.

In addition, “pseudo I/V curve” software (Supplementary Code 1)
is available to clamp relative fluorescence in 11 consecutive steps based
on previously selected upper and lower limits, resulting in an output of
the average AF/F, value and associated wavelength achieved for each
step (calculated as a mean of the last 25% of each step). An optical
wavelength/AF/Fqy curve is produced and can be translated into an
estimated I/V-diagram using these linear calibration functions
(Fig. 2J, L):

linear regression: y=a+ bx +e, where e is assumed as i.i.d. resi-
duals with mean O.

Membrane potential as a function of AF/Fq holding (estimate: all
observations, n =80, w/o outliers)?

Constant 3027+
B 2.25%*
R? 0.8

linear regression: y=a+bx+e, where e is assumed as i.i.d.
residuals with mean O.

Current as a function of wavelength (estimate: all observations,
n=72)

Constant 607.06**
b —1.21***
R? 0.8

*Estimate with robust (white heteroscedasticity consistent)

Exp. offset = g*e ?"frame 1 ¢ (1) standard errors.

**Significantly different from O at the 1% level.
A further software version involves a PID-controller to
ratio =exp . offsety < exp . offset;me (2)  adjust the wavelength of the OVC (Supplementary Code 1). At each
time point, the new wavelength is calculated by the addition
B . of the output (u) of the PID equation to the calibration

F correct = F frame ratio 3 wavelength (Eqs. 7-9).

AF/FOCt)rrect = ((Fcorrect - FO)/FO)*]-OO 4) e= AF/FOholcling - AF/FO (7)
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u=Kpxe+K;xT,*egn+Kp*

/l=/10+u (9)

e: current error; u: output; Kp: proportional gain; Kj: integral gain; Kp:
derivative gain; e,_;: previous error; T,: sampling rate; esym: summed
up error; Ay: calibration wavelength.

Parameter tuning was performed by applying the Ziegler-Nichols
method to empirically tune the P, I, and D control gains for better
control performance (Supplementary Fig. 2C). Therefore, Kp was
adapted until the system started to oscillate at the critical proportional
gain (Kp ¢rir). The oscillation period was noted as T ;. PID coefficients
were calculated according to Eqs. 10 and 11:

Ziegler-Nichols parameter tuning

K P Tn Tu
0.6 Kp o1t 05T 0127

crit crit

Kp: proportional gain; K, .. critical proportional gain; T;: per-
iod of oscillation; T,: integration coefficient; T7,: derivation
coefficient®®.

Kp=Kp =T, 10)
K, =K *i 1
1=Kp x5 ey

n

To also achieve a better control performance, a Kalman filter
for sensor-signal smoothing was added (Supplementary Fig. 2A).
Here, the error covariances of the measurement- and system noise
of the Kalman filter were empirically adjusted so that the OVC
controller dynamics achieved a desired performance. After initi-
alizing the system state with an a priori estimate (variables X,:
estimated fluorescence at the beginning of the measurement and
P,: estimated error covariance of measured fluorescence vs. esti-
mated fluorescence at the beginning of the measurement), predic-
tion and correction are performed at each time step, alternately
propagating the system state in time, and correcting it with new
observations (Eqs. 12-17)°%:

1. Prediction of the fluorescence value and the error covariance:

X (k +11k) = Ax(k) 12)

P'(k+1]k)=AP(k)A" +Q 13)

k: discrete time step; A: system matrix, was here set to scalar value one
(which is sufficient for error smoothing); x": predicted fluorescence; P":
predicted error covariance of the estimate; Q: error covariance of the
system noise; P(k): estimated error covariance.

2. Calculation of the Kalman gain:

S(k+1)=HP' (k+1jk)H" +R (14)

Kk+1)=P' (k+1jk)H' S}k +1) (15)

S: auxiliary quantity for determining the Kalman gain; H: system
output matrix; R: error covariance matrix of the measurement noise;
K: Kalman gain.

3. Correction of the state estimate:

X(k+1)=x"(k +1]k) +K(k +1)[z(k +1) — Hx (k +1]k)] 16)
z(k+1): current measurement; x'(k +1,|,k): predicted measure-
ment; X(k +1): current estimate.

4. Correction of the covariance estimation

P(k+1)=[1 - K(k+DH]P’(k +1]k) 17)

The system matrices A and H were set as constant scalars (A=1,
H=1; constant system dynamics) since this assumption is perfectly
sufficient for signal smoothing for the PID controller. Here, the sam-
pling rate is fast enough that the Kalman filter can respond to mem-
brane potential changes occurring in this time period with reasonable
estimates.

Another software, “optical current clamp” (Supplementary
Code 1) is used for the purely optical adaptation of a current clamp.
The experimenter has the choice to set single pulses of certain wave-
length and duration or to select step-like or continuous wavelength
ramps prior to the experiment. Similar to the main OVC script (Sup-
plementary Code 1), this software provides bleaching correction and
live AF/F, readout.

Quality assessment of the OVC

The predictive accuracy for bleaching correction had R? values above
0.95 in most cases, and at least above 0.8 (Supplementary Fig. 6A).
Experiments with lower R? values were attributable to APs occurring
during the calibration phase (e.g., in pharyngeal muscle). As expected,
the fraction of system saturation decreased once optogenetic tools for
de- and hyperpolarization were simultaneously used, which stresses
the importance of a second, opposing actuator (Supplementary
Fig. 6B). While for the single-tool approaches, the percentage of sys-
tem saturation was relatively high with 16.3 +2.8%, this relation was
significantly reduced for all bidirectional BiPOLES combinations. This
was also reflected in the speed of the system, where compared to
single-tool combinations, BiPOLES was significantly faster, particularly
for driving excited or hyperpolarized states back towards resting
potential (Supplementary Fig. 6C).

Electrophysiology in C. elegans
Electrophysiological recordings from body wall muscle cells were
conducted in immobilized and dissected adult worms as described
previously*. Animals were immobilized with Histoacryl L glue (B.
Braun Surgical, Spain) and a lateral incision was made to access neu-
romuscular junctions (NMJs) along the anterior ventral nerve cord. The
basement membrane overlying body wall muscles was enzymatically
removed by 0.5mg/ml collagenase for 10s (C5138, Sigma-Aldrich,
Germany). Integrity of BWMs and nerve cord was visually examined via
DIC microscopy. Recordings from BWMs were acquired in whole-cell
patch-clamp mode at 20-22°C using an EPC-10 amplifier equipped
with Patchmaster software (HEKA, Germany). Voltage clamp experi-
ments were conducted at the given holding potential (e.g., -24 mV).
Membrane potentials in body wall muscle cells were recorded in cur-
rent clamp mode. In regular recordings no additional current pulse
was injected. For measurements of input resistance, a current pulse of
-20 pA was injected via the Patchmaster software for 1000 ms in five
consecutive pulses with 5s breaks in between the current pulses.
The head stage was connected to a standard HEKA pipette holder
for fire-polished borosilicate pipettes (IBIOOF-4, Worcester Poly-
technic Institute, Worcester, MA, USA) of 4-10 MQ resistance. The
extracellular bath solution consisted of 150 mM NaCl, 5mM KCI, 5mM
CaCl,, 1mM MgCl,, 10 mM glucose, 5 mM sucrose, and 15 mM HEPES
(pH 7.3 with NaOH, =330 mOsm). The internal/patch pipette solution
consisted of K-gluconate 115 mM, KCI 25 mM, CaCl, 0.1 mM, MgCl,
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5mM, BAPTA 1 mM, HEPES 10 mM, Na,ATP 5mM, Na,GTP 0.5 mM,
cAMP 0.5 mM, and cGMP 0.5 mM (pH 7.2 with KOH, = 320 mOsm). For
some experiments, BAPTA was replaced by EGTA (5 mM).

For light activation a monochromator (Polychrome V, Thermo
Scientific) was used, ranging from 400 to 600 nm at 300 pW/mm?. To
create conditions as similar as possible to those for the OVC experi-
ments, additional excitation was performed with a laser at 637 nm.
Subsequent analysis and graphing were performed using Patchmaster,
and Origin (Originlabs).

Electrophysiological recordings from the DVB neuron were con-
ducted in immobilized and dissected adult worms as described
previously*® with minor modifications. Both dissection and recording
were performed at room temperature. Briefly, an animal was immobi-
lized with cyanoacrylate adhesive (Vetbond tissue adhesive; 3 M) along
the ventral side of the posterior body on a Sylgard 184-coated (Dow
Corning) glass coverslip. A small longitudinal incision was made using a
diamond dissecting blade (Type M-DL 72029 L; EMS) in the tail region
along the glue line. The cuticle flap was folded back and glued to the
coverslip with GLUture Topical Adhesive (Abbott Laboratories),
exposing DVB. The coverslip with the dissected preparation was then
placed into a custom-made open recording chamber (-1.5 ml volume)
and treated with 1 mg/ml collagenase (type IV; Sigma) for ~10 s by hand
pipetting. The recording chamber was subsequently perfused with the
standard extracellular solution using a custom-made gravity-feed per-
fusion system for ~10 ml. The standard pipette solution was (all con-
centrations in mM): K-gluconate 115; KCI 15; KOH 10; MgCl, 5; CaCl, 0.1;
Na,ATP 5; NaGTP 0.5; Na-cGMP 0.5; cAMP 0.5; BAPTA 1; Hepes 10;
Sucrose 50, with pH adjusted to 7.2, using KOH, osmolarity
320-330 mOsm. The standard extracellular solution was: NaCl 140;
NaOH 5; KCI 5; CaCl, 2; MgCl, 5; Sucrose 15; Hepes 15; Dextrose 25, with
pH adjusted to 7.3, using NaOH, osmolarity 330-340 mOsm. Liquid
junction potentials were calculated and corrected before recording.
Electrodes with resistance of 20-30 MQ were made from borosilicate
glass (BF100-58-10; Sutter Instruments) using a laser pipette puller (P-
2000; Sutter Instruments) and fire-polished with a microforge (MF-830;
Narishige). Recordings were performed using single-electrode whole-
cell current-clamp (Heka, EPC-10 USB) with two-stage capacitive com-
pensation optimized at rest, and series resistance compensated to 50%.

Preparation of organotypic hippocampal slice cultures and
transgene delivery

All procedures were in agreement with the German national animal
care guidelines and approved by the independent Hamburg state
authority for animal welfare (Behorde fur Justiz und Ver-
braucherschutz). They were performed in accordance with the
guidelines of the German Animal Protection Law and the animal wel-
fare officer of the University Medical Center Hamburg-Eppendorf.

Organotypic hippocampal slices were prepared from Wistar rats
of both sexes (Jackson-No. 031628) at post-natal days 5-7 as previously
described*’. In brief, dissected hippocampi were cut into 350 pum slices
with a tissue chopper and placed on a porous membrane (Millicell CM,
Millipore). Cultures were maintained at 37 °C, 5% CO, in a medium
containing 80% MEM (Sigma M7278), 20% heat-inactivated horse
serum (Sigma H1138) supplemented with 1 mM L-glutamine, 0.00125%
ascorbic acid, 0.01 mg mI™ insulin, 1.44 mM CacCl,, 2 mM MgSO, and
13 mM D-glucose. No antibiotics were added to the culture medium.
Pre-warmed medium was replaced twice per week.

For transgene delivery, organotypic slice cultures were trans-
duced at DIV 3-5 with a recombinant adeno-associated viral vector
(rAAV) encoding a soma-targeted version of BiPOLES? (AAV9-CaMKII-
somBiPOLES-mCerulean, Addgene #154948). The rAAV was locally
injected into the CAl region using a Picospritzer (Parker, Hannafin) by
a pressurized air pulse (2 bar, 100 ms) expelling the viral suspension
into the slice®. During virus transduction, membranes carrying the
slices were kept on pre-warmed HEPES-buffered solution. At DIV 14-16,

individual CAl pyramidal cells in the previously somBiPOLES-
transduced slices were transfected by single-cell electroporation®
with the plasmid pAAV-QuasAr2-ts-ER at a final concentration of 10 ng/
ul in K-gluconate-based solution consisting of (in mM): 135 K-gluco-
nate, 10 HEPES, 4 Na,-ATP, 0.4 Na-GTP, 4 MgCl,, 3 ascorbate, 10 Na,-
phosphocreatine (pH 7.2). An Axoporator 800 A (Molecular Devices)
was used to deliver 50 hyperpolarizing pulses (-12 V, 0.5 ms) at 50 Hz.
During electroporation slices were maintained in pre-warmed (37 °C)
HEPES-buffered solution (in mM): 145 NaCl, 10 HEPES, 25 D-glucose,
2.5 KCI, 1 MgCl, and 2 CaCl, (pH 7.4, sterile filtered). A plasmid
encoding hSyn-mCerulean (at 50 ng/ul) was co-electroporated and
served as a marker to rapidly identify cells putatively co-expressing
QuasAr2 and somBiPOLES under epifluorescence excitation.

OVC voltage imaging and electrophysiology experiments in rat
organotypic slices

At DIV 19-21, voltage imaging and/or whole-cell patch-clamp recordings
of transfected CAl pyramidal neurons were performed. Experiments
were done at room temperature (21-23°C) using a BX5IWI upright
microscope (Olympus) equipped with an EMCCD camera (Evolve 512
Delta, Photometrics), dodt-gradient contrast and a Double IPA inte-
grated patch amplifier controlled with SutterPatch software (Sutter
Instrument). QuasAr2 was excited with a 637 nm red laser (OBIS FP
637LX, Coherent) at 0.52 W/mm? via a dichroic mirror (660 nm, Edmund
Optics) and voltage-dependent fluorescence was detected through the
objective LUMPLFLN 60XW (Olympus) and through an emission filter
(732/68 nm Bandpass filter, Edmund Optics). somBiPOLES was activated
using a monochromator (Polychrome V, Till Photonics/Thermo Scien-
tific), set to emit light from 400 to 600 nm at 1.7 mW/mm?. Laser and
monochromator light were combined using a 605 nm dichroic mirror
(Edmund Optics). Irradiance was measured in the object plane with a
PM400 power meter equipped with a S130C photodiode sensor (Thor-
labs) and divided by the illuminated field of the Olympus LUMPLFLN
60XW objective (0.134 mm?). As for C.elegans, OVC experiments were
performed at = 90 fps with 10 ms exposure and a binning of 4 x 4.

For electrophysiology, patch pipettes with a tip resistance of 3-4
MOhm were filled with intracellular solution consisting of (in mM): 135
K-gluconate, 4 MgCl,, 4 Na,-ATP, 0.4 Na-GTP, 10 Na,-phosphocreatine,
3 ascorbate, 0.2 EGTA, and 10 HEPES (pH 7.2). Artificial cerebrospinal
fluid (ACSF) consisted of (in mM): 135 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 10
Na-HEPES, 12.5 D-glucose, 1.25 NaH,PO,4 (pH 7.4). Synaptic transmis-
sion was blocked by adding 10 uM CPPene, 10 uM NBQX, and 100 uM
picrotoxin (Tocris) to the extracellular solution. Measurements were
corrected for a liquid junction potential of 14,5 mV. Access resistance
of the recorded neurons was continuously monitored and recordings
above 30 MQ were discarded.

Statistical methods

Statistical methods used are described in the figure legends. No sample
was measured multiple times, and no samples were excluded from
analysis. Statistical analysis was performed in Prism (Version 8.0.2,
GraphPad Software, Inc.), OriginPro 2021 (OriginLab Corporation,
Northampton, USA), Microsoft Excel 2016, 2019, SutterPatch V2 (Sutter
Instruments), MATLAB 2016b, 2019b (Mathworks), Stata 12 ic, or Image)
v1.53c. No statistical methods were applied to predetermine sample size.
However, sample sizes reported here are consistent to data presented in
previous publications, and which typically allow distinction of sig-
nificant differences in the types of experiments used. Throughout, n
indicates biological replicates (i.e., animals analyzed), with additional
mention of specific data that was analyzed (e.g., action potential num-
ber), where appropriate. Data was tested for normality prior to statistical
inference. Data is given as means + SEM, if not otherwise stated. Sig-
nificance between data sets after paired or two-sided ¢ test or ANOVA,
with Bonferroni correction for multiple comparisons, is given as p value
(*p<0.05; *p<0.01; **p<0.001), when not otherwise stated. Group

Nature Communications | (2023)14:1939

56

15



Article

https://doi.org/10.1038/s41467-023-37622-6

data are presented as box plots with median (line), 25th-75th quartiles
(box), mean (open dot) and whiskers, representing 1.5x inter quartile
range (IQR). Single data points are shown for n <10, or for outliers. The
R? coefficient of determination was determined as: R?=1-SSE/SSD
(SSE = sum of the squared errors; SSD = sum of the squared deviations
about the mean). The linear regressions were estimated with robust
standard errors (White heteroscedasticity consistent).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Original data (videos) are available from the authors on
request. Source data are provided with this paper.

Code availability

The software/code used for operating the OVC is written in
Beanshell, the scripting language used by pManager freeware. Scripts
(“OVC_main_script”, “OVC_on_the_run_script”, “OVC_4 step_script”,
“OVC_pseudo-IV_script”, “optical_current_clamp_script”) are available
as a zip archive in Supplementary Code 1.
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Supplementary Figure 1. Setup of the OVC software and control parameters. (A) Wiring diagram of I-controller: |-
controller generates a digital control value u[k] based on error e[k] for the monochromator, which in turn generates
analog light output u[t]. BIPOLES modulates membrane voltage y(t) upon analog light activation that in turn defines

QuasAr2’s fluorescence z(t) (transduced analog actual value). Fluorescence is monitored via camera and AF/Fo is
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calculated (digital actual value). wlk]: Set point. i[k]: current sign of control error e[k]. (B) Rectangular ROI selection in
pManager “live mode” prior to OVC measurement. (C) Input tab of the standard OVC software, implemented in
uManager. (D) Step response analysis of the open loop system. System was challenged with de- and hyperpolarizing
pulses (n=5 and n=8 independent animals, at 580 and 430 nm) to reach desired +5% AF/Fo (shown is mean + S.E.M.)
and to approximate system time constant 7. (E) Left: Bleaching behavior and exponential fits of the fluorescence of
QuasAr2 in BWMs, in control animals expressing no actuators (mean = S.E.M.). Animals were illuminated with the 637
nm laser for the entire duration, and in addition, with 470 nm (300 pW/mm?) for the last 20 s (n = 8 independent animals).
Fits were performed for the first (red) or second 20 sec period (blue), or for the entire duration (grey). Middle and right
panel: Statistical analysis of the deduced fit parameters. Parameter a: 1120 s /2" 20 s: P = 0.29777; 1520 s/ full data
set: P = 0.97414; 2" 20 s / full data set: P = 0.63254; Parameter B: 15120 s /2" 20 s: P = 0.09717; 151 20 s / full data
set: P = 1; 2" 20 s / full data set: P = 0.86977. (F) Exponential fits of QuasAr2 fluorescence as in (E) but illuminated
with either 637 nm laser (n = 11 independent animals) or 637 nm laser and 470 (300 uW/mm?) for the entire duration
(n = 10 independent animals). Middle and right panels: Statistical analysis of the fit parameters of data in left panel.
Parameter a: 637 + 470 / 637: P = 0.62431; Parameter b: 637 + 470 / 637: P = 0.56032. (G) Expression levels were
assessed in wild type animals, and two different mutant strains expressing the OVC components (all from the same
integrated transgene, zxIs139), using mean QuasAr fluorescence of comparable ROIls (n = 10, 9, 10 independent
animals of the indicated genotypes, wild type, egl-19(n2368) and unc-13(n2813)). Coefficients of variation were 0.08
(wild type), 0.07 (egl-19) and 0.09 (unc-13). P values: egl-19(n2368) / wild type: 1; unc-13(n2813) / wild type: 1; unc-
13(n2813) / egl-19(n2368): 1. (H) Mean £ S.E.M. data for animals expressing only QuasAr2 in BWMs, while the OVC
attempts to run a 0, -5, 5 % AF/Fo protocol (n = 8 independent animals). Upper panel: Monochromator wavelength;
lower panel: mean fluorescence traces. Statistically significant differences analyzed by One-way ANOVA (in E, G) or
two-sided t-test (in F), each with Bonferroni correction. Box plots (median, 25-75t quartiles); open dot: mean; whiskers:
1.5x inter-quatrtile range (IQR). Source data are provided as a Source Data file.

61



discrete P1D controller
...'
a
Kp - —elk]

dt

actuators

uft]

initial state Prediction

X x (k+ 1]k) = Ax(k)
Po P*(k + 1lk) = AP(K)A' +Q
after C

calibration .
Innovation

0

S(k+1) =HP"(k+1Jk)H' +R
K(k + 1) =P*(k + 1|k)HT S (k + 1)
k1) = x'(k + 1]k) + Kk + 1)[2(k

Pk +

+1) — Hx'(k + 1]k)]

AF

Cell
membrane

(continous
system)

Fo

z[k]

z(t)

1) = [1 - K(k + D)HIP*(k + 1|k) / sensors / transducers
Kalman filter
C with Kalman filter
0 0 0
2 2 2
q
T 4 4 4
w
T -6 -6 -6
<
-8 Kp=14 Bl k=12 -8 Kp=10
-10 -10 10
20 22 24 20 22 24 20 22 24 22 24
Time (s) Time (s) Time (s) Time (s) Time (s)
D with kalman fitter £ 600
= (Calibration phase :Clamp phase :::550
o ' [=2] Vove
2 9000 b 7400 go00 SR
< ] B ) ]
P A ; s ﬁ N AN b >
g m_J = 72004 VI 2400
$ 8000 : 8 10
8 w8 L f 5 5%
5 7000 ] o
3 — raw data 14 AN MA e O 9
iL 7000 Raan ssnsor smoathing S WA 0 MOAV’\A'L__S,,/
e 3 5 5 ¢
|— Bleaching fit 68004 10
0 10 20 22 23 24 22 24 26
Time (s) Time (s) Time (s)

without Kalman filter

G -

22 24 26
Time (s)
Ee00
< 550
2500 !
3 450
2 without Kalman filter
© 400
E
10
g s
LLo 0
L 5
-10
22 24 26
5600 Time (s)
=550
gSOO *\J
'© 4501 yith Kalman filter
T 400
10
€ Bl 5%
L e ] AEEEEIEES
[
E 5 ,,,,,jw._r,% ,,,,,,,,,
-10
0 2 4 6
Time (s)
600 PID control + Kalman
g = |-controller
= n.s.
© 400 n.s.
£ :
= .
S
.27 200 .
©
g | =R
0
0--5 55

Supplementary Figure 2. Implementation of a PID controller with Kalman filter. (A) Wiring diagram of PID-

controller with Kalman filter. Signal flow as in Supplementary Fig. 1A with the addition of a Kalman filter. (B)

Comparison of single OVC experiments with PID control but without Kalman filter. Top: No oscillations. Bottom: With

strong oscillations, despite identical parameters, emphasizing the need for a Kalman filter to obtain a stable PID-

controller. (C) Ziegler-Nichols parameter tuning, with Kalman filter. (D) OVC three-step protocol (0, -5 and 5 % AF/Fo)

in BWMs, insets for close-up. Wavelength shown in the respective color, holding values are indicated for each step,

yellow trace represents data processed with Kalman filter for sensor smoothing. Orange shade in left panel: transition

period to reach tolerance range. (E) Upper panel: Overlay of mean (£ S.E.M.) wavelength and (lower panel)

fluorescence traces (n=8 independent animals; holding values: 0, -5, 5 % AF/Fo). (F) Times required for the indicated

5 and 10 % AF/Fo transitions for PID- (plus Kalman filter) and |-controller (n = 8, 22, 8, 22 independent animals for

these transitions, respectively: PID control + Kalman, 0 — -5; I-controller, 0 — -5; PID control + Kalman, -5 — 5; I-

controller, -5 — 5). Statistically significant differences analyzed by Two-sided t-test with Bonferroni correction.
Comparison 0 — -5, P = 0.52321; Comparison -5 — 5, P = 0.85972. Box plots (median, 25-75™ quartiles); open dot:
mean; whiskers: 1.5x inter-quartile range (IQR). Source data are provided as a Source Data file.
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Supplementary Figure 3. Unidirectional steering of membrane voltage. (A) Cholinergic neurons express either
ChR2 or GtACR2, while QuasAr2 is expressed in BWMs. (B) Three-step protocol in ChR2 animals. Left: Raw and
bleaching corrected data of calibration (red: exponential fit) and clamping phase. Right panels: Corresponding
wavelength and AF/Fo traces. Holding values 15, 20 and 25 % AF/Fo; grey shade: tolerance range for each step. (C)
Three-step (-5, -10 and -15 % AF/Fo) protocol in GtACR2 animals, as in (B). (D) Single traces for both strains, 0 %,
then -15 to 20 % AF/Fo (in 5% increments), and return to baseline. (E) Mean (+ S.E.M.) traces (n = 17 independent
animals); holding values: 0, 5, 0 % AF/Fo, in ChR2 animals. (F) As in E, for GtACR2 animals (n = 14 independent
animals; 0, -5, 0 % AF/Fo). (G) Transition time, respective 5 % AF/Fo steps (n = 17, 17, 14, 13 independent animals for
these transitions, respectively: 0 — 5, QuasAr+ChR2; 5 — 0; 0 — -5, QuasAr+ACR2; -5 — 0); box plots (median, 25-
75" quartiles); open dot: mean; whiskers: 1.5x inter-quartile range (IQR). Source data are provided as a Source Data

file.
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Supplementary Figure 4. Testing different combinations of depolarizing and hyperpolarizing actuators. (A-E)
Body length measurements (mean + S.E.M.) to test functionality of optogenetic actuator combinations, expressed in
cholinergic neurons. (A) NpHR and ChR2 (n = 8 independent animals; monochromator wavelength ramp from 400 to
600 nm, 300 uyW/mm3). (B) GIACR1 and ChR2 (n = 10 independent animals). (C) ChR2-only (n = 8 independent
animals). (D) GtACR1 and ChR2. Upper panel: 5 s light pulses, wavelength as indicated, 300 pW/mm? (n =7, 7, 5, 6,
6 independent animals for the following wavelengths, respectively: 440, 480, 520, 560, and 600 nm). Lower panel:
Mean (£ S.E.M.) body length changes. Statistically significant differences were analyzed by one-way ANOVA with
Bonferroni correction (P = 0,008577953; 0,000166674; 0,028628144; 0,476848228; 0,189584323 for the following
wavelengths, respectively: 440, 480, 520, 560, and 600 nm). (E) Upper panel: Body length measurements of animals
expressing BiPOLES in cholinergic neurons (mean + S.E.M., wavelength ramp 400 - 600 nm, n = 8 independent
animals). Below: Representative still images of animals for each phase of the experiment: (a) before light, (b) GtACR2
effect / muscle relaxation, (c) transition from hyper- to depolarization, (d) Chrimson effect / muscle contraction (scale
bar: 200 um). Source data are provided as a Source Data file.
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Supplementary Figure 5. BIPOLES activation by 637 nm laser light and calibration wavelength have no adverse
effects on muscle function and locomotion. (A) Normalized absorption spectra of Chrimson and QuasAr2'-2, laser
wavelength used for QuasAr2 imaging is indicated by a red line. (B) Body length measurements of animals expressing
BiPOLES and Quasar in BWMs (mean + S.E.M., light pulses: 637 nm laser and 637 nm laser plus calibration
wavelength (ca. 521 nm, n = 14 independent animals). (C) Statistical analysis of data in (B). laser / dark before: p =
5.94E-13; laser + cal. / dark before: p = 1; laser + cal. / laser: p = 4.41E-12; dark after / dark before: p = 0.156; dark
after / laser: p = 2.11E-09; dark after / laser + cal.: p = 0.55. (D, E) Analysis of swimming activity of animals expressing
BiPOLES and Quasar in BWMs (D, n =17, 19, 19, 8 independent animals for these conditions: dark, laser + cal., laser,
no ATR: laser; statistical significance was: laser / dark: p = 3.16E-19; laser / laser+cal.: p = 3.36E-16; laser / no ATR:
laser: p = 1.23E-14; dark / laser+cal.: p = 1; dark / no ATR: laser: p = 1; laser+cal. / no ATR: laser: p = 1) or cholinergic
neurons (E, n = 17, 17, 17, 10 independent animals for these conditions: dark, laser + cal., laser, no ATR: laser;
statistical significance was: laser / dark: p = 3.82E-07; laser / laser+cal.: p = 2.1E-06; laser / no ATR: laser: p = 7.57E-
06; dark / laser+cal.: p = 1; dark / no ATR: laser: p = 1; laser+cal. / no ATR: laser: p = 1). lllumination parameters as in
(C), or in the absence of all-trans retinal (ATR). (F) OVC experiment in BWMs (BiPOLES and QuasAr2) with clamp
interruption (protocol: 1) holding value - 5 %, wavelength determined by OVC, 2) interruption at calibration wavelength,
3) holding value - 5 % AF/Fo). (G) Close-up of (F, lower panel), with comparison to voltage fluorescence activity of
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unstimulated animals expressing only QuasAr2. (H) Group data of AF/Fo fluorescence amplitudes of typical, action
potential-based fluctuations during -5 % clamping, or during no OVC action (n = 30 independent animals, p=2.69E-13).
Box plots (median, 25-75" quartiles); open dot: mean; whiskers: 1.5x inter-quartile range (IQR). (I) Mean AF/Fo
QuasAr2 signal (n = 6 independent animals, p=0.0023) in BWMs (co-expressed with BiPOLES) in the presence of laser
light (637 nm) and additional signal in response to Chrimson excitation light (590 nm). In (C-E, H, I): Statistically
significant differences were analyzed by two-sided t-test or One-way ANOVA with Bonferroni correction (***P < 0.001,
**P <0.01, *P < 0.05, and see above for exact values). Box plots (median, 25-75" quartiles); open dot: mean; whiskers:
1.5x inter-quartile range (IQR). Source data are provided as a Source Data file.
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Supplementary Figure 6. Performance assessment, and long-term action of the OVC. (A) Quality of the
exponential fit for bleach correction (coefficient of determination, R?), for the different QuasAr2 / optogenetic actuator
combinations, as indicated (n =17, 14, 13, 22, 16, 14, 7 independent animals of these strains expressing: ChR2, ACR2,
BiPOLES, OVC BWMs, OVC Pharynx, OVC chol. ns, OVC GABAergic ns). (B) Percentages of the clamping status
(hold, adapting, system saturation), for the different QuasAr2 / optogenetic actuator combinations, as indicated (n =17,
14, 13, 22, 16, 14, 7 independent animals of these strains expressing: ChR2, ACR2, BiPOLES, OVC BWMs, OVC
Pharynx, OVC chol. ns, OVC GABAergic ns). (C) Summary of OVC speed, reflected by the time needed for a 5 %
AF/Fo step for different configurations (single tools, same-cell approach; n = 17, 13, 10, 22 independent animals of
these strains and conditions: ChR2, 5 — 0; ACR2, -5 — 0; BiPOLES, 5 — 0; BiPOLES, -5 — 0; statistically significant
differences were: comparison: 5 — 0: ChR2 / BiPOLES: p = 0.01229; comparison: -5 — 0: ACR2 / BiPOLES: p = 3.8E-
07). (D) Magnification of the transitions (left panel: 0 to -5 %, and right panel: -5 to 5% AF/Fo) of the 4-step OVC protocol.
Single traces are depicted in light grey, mean trace in cyan and AF/Fo holding in orange. (E) Comparison of transition
times at 40 Hz and 100 Hz sampling rates (n = 8, 24, 8, 24 independent animals; 0 — -5 %: p = 1.38E-8; -5 - 5 %: p
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= 4.13E-7). (F) Control events as a function of their duration and respective control deviations, measured in n = 11
independent animals. Orange bar graphs (right y-axis) represent the relative proportion of control events per control
duration bin. The blue boxes (left y-axis) assign the respective control deviation that had to be overcome depending on
the required control duration. Paired t test, P = 0.2271. (G) Histogram representation of all control deviations. Tolerance
range is highlighted in blue. (H) Root-mean-square deviation of AF/Fo — AF/Fo hoding / target. TOlerance range is highlighted
in blue. (I-L) Long-term OVC action, de- and hyperpolarizing steps. Shown are the achieved fluorescence values (lower
panels, grey shades are tolerance range of the OVC protocol), and monochromator wavelength required (upper
panels). Box plots (median, 25-75™ quartiles); open dot: mean; whiskers: 1.5x inter-quartile range (IQR). Statistically
significant differences were analyzed (C) by one-way ANOVA with Bonferroni correction (***P < 0.001, *P < 0.05).
Source data are provided as a Source Data file.
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Supplementary Figure 7. Simultaneous patch-clamp and fluorescence measurement, normal membrane
voltage behavior in BiPOLES-activated BWMs, no progressive error following calibration phase. (A) Original
record of simultaneous voltage and fluorescence measurement during calibration and clamp phase (3 step OVC
protocol, -3, +3 % AF/Fo). Note the fluorescence trace was subsequently bleaching-corrected for the calibration phase.
(B) APs in simultaneous patch-clamp and fluorescence recordings during OVC calibration phase (637 nm laser and
521 nm calibration wavelength). (C) Statistical analysis of AP amplitude. n = 4 independent animals, 24-27 APs. (D)
Membrane potential in muscle was measured by patch-clamp under the indicated light conditions in n = 14, 12, 12, 14,
4 independent animals under these conditions: no light before (a), no light before (b), 637 nm, 637 nm + cal, 637 + 470
nm. (E, F) Analysis of small, subthreshold voltage fluctuations observed during patch-clamp, without or with 637 nm
laser and calibration wavelength. Differences (arrows) of actual peaks to shifted moving average (blue), as a proxy for
base line (E), were statistically analyzed in (F). n = 14 independent animals, with ca. 55.000 single data points per
measurement. (G) Frequency distribution of distinct voltage signals, incl. APs, observed during patch-clamp recordings.
Mean number of events (+S.E.M.) per second is shown as a function of peak amplitudes (in mV), for the different
illumination conditions, as indicated below. n = 14 independent animals, 3118 peaks. None of the respective amplitude
distributions showed significant differences to any other bin. (H) Patch-clamp derived membrane voltages (mean, yellow
line) were compared to the mean AF/Fo levels (blue line) induced by the OVC during the clamp phase, based on
parameters derived in the calibration phase (not shown). (I) As in (H), but mean moving averages were analyzed. (J)
As in (H), but the signal change (1! derivative) was compared. (K) Statistical analyses of correlation coefficients
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determined from data in (H-J; n = 14 independent animals), comparing the first and second halves of the experiments
(p = 0.31). Correlation coefficients show high fidelity, typically >0.8. Statistically significant differences (***P < 0.001)
were analyzed by one-way ANOVA with Bonferroni correction (in D, F, G, K) or paired, two-sided t-test (in C). Box plots

(median, 25-75" quartiles); open dot: mean; whiskers: 1.5x inter-quartile range (IQR). Source data are provided as a
Source Data file.
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Supplementary Figure 8. Optical pseudo-l/V curve measurements: (A) Input tab of the “pseudo I/V curve” software
allowing to run distinct % AF/Fo as clamp values (equivalent to voltages), while recording wavelengths (equivalent to
currents). (B) Ramping +5 to -5 % AF/Fo (lower panel, mean +S.E.M.; blue shades: tolerance ranges), while recording
wavelengths (upper panel, mean +S.E.M.; n = 17 independent animals). (C) Inverse experiment of (B), single trace,
running a wavelength ramp (upper panel) and recording % AF/Fo (lower panel; n = 15 independent animals). (D)
Comparison of OVC-based pseudo-1/V curve and measurement with the optical current clamp software (see
Supplementary Fig. 9A-C), demonstrating high fidelity of the OVC control capabilities. (E) Measuring optical pseudo-
I’V curves for egl-19(n2368) mutants, compare to (B) for wild type animals (n = 14 independent animals). Source data

are provided as a Source Data file.
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Supplementary Figure 9. Software for ‘optical current clamp’, and software for ‘on-the-run’ live voltage

adjustment: (A) Software to achieve bidirectional optical current clamping, input tab. (B, C) Mean +S.E.M. % AF/Fo,
resulting from 100 ms depolarizing (590 nm) step (B, n = 13 independent animals) or from a hyperpolarizing (450 nm)
step (C, n = 5 independent animals). (D-J) Time-varying OVC live control (‘on-the-run’). (D) User interface for software
version allowing live control of membrane voltage fluorescence. (E) Scheme: Holding values can be selected using
arrow keys. Live status (system on hold, adapting or exceeding limits) is shown, enabling adjustment. (F-H) Example
traces of wavelength (upper panels) and holding values as % AF/Fo (lower panels) in BWMs for brief (F) and extended
periods (G, H), as well as in cholinergic () and GABAergic neurons (J). Source data are provided as a Source Data

file.
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