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Publikationen.
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ZUSAMMENFASSUNG

Hintergrund: Die prézise Verarbeitung von auditiven Reizen wird durch auBere (AHZ) und
innere Haarsinneszellen (IHZ) im Corti’schen Organ gewahrleistet. Da die physiologischen
Aufgaben (kochledre Verstarkung und synaptische Ubertragung) dieser Zellen vom
Rezeptorpotential angetrieben werden, sind Form und Amplitude dieser Potentialanderungen
essentiell fir die Funktion der Sinneszellen. Die Charakteristika der Rezeptorpotentiale hangen
dabei von der Aktivitdt der apikalen mechano-elektrischen Transduktionskanédle und von
basolateralen K*-Leitfahigkeiten ab. Diese Leitfdhigkeiten wurden aufgrund ihrer
biophysikalischen Eigenschaften als Ikt Ikn und lks Klassifiziert. Die lonenkanéle und deren
Interaktionspartner, die diese K*-Leitfahigkeiten hervorbringen, sind weitestgehend unbekannt.
Ziele der Arbeit: Die Ziele dieser Doktorarbeit waren es, (1.) die Relevanz eines mdaglichen
Interaktionspartners (das Enzym B-Sekretase 1; BACE1) der K*-Kandle in AHZ zu untersuchen,
und (I1.) die K*-Kanaluntereinheiten, welche die Ik s Komponente in IHZ von Mdusen ausmachen,
zu entschlisseln, sowie deren physiologische Aufgaben anhand von Computermodellen zu
bestimmen.

Ergebnisse zu BACEL: Ich konnte zeigen, dass der signifikante Horverlust der BACE1” Méause
durch Desorganisation der synaptischen Verbindungen zwischen IHZ und auditorischen
Nervenfasern und durch eine stark verringerte Myelinisierung dieser Nervenfasern hervorgerufen
wird. Dabei ist BACEL fur die Entwicklung der kochledren Nervenfasern, nicht jedoch fur die
Aufrechterhaltung der Myelinisierung von Bedeutung. AufRerdem konnte ich Neuregulin-1 als
BACE1-Substrat identifizieren, das die Organisation der Nervenfasern in der Cochlea vermittelt.
BACEL ist also entgegen unserer Ausgangshypothese kein Interaktionspartner von K*-Kandlen
in Haarsinneszellen, jedoch unabkoémmlich fur sensitives Hoéren. Da die Inhibition von BACE1
ein populdrer Ansatz zur Therapie der Alzheimer-Krankheit ist, war es wichtig zu prifen, ob
entsprechende Medikamente Auswirkungen auf die Horleistung haben. Die Behandlung von
Mausen mit dem BACE1-Inhibitor NB-360 beeintréchtigte jedoch nicht das Hérvermdgen der
Tiere. Diese Ergebnisse lassen vermuten, dass Horverlust keine Nebenwirkung der Therapie der
Alzheimer-Krankheit darstellt.

Ergebnisse zur K*-Kanalausstattung der Haarsinneszellen: In einem Hypothesen-basierten
Kandidatenansatz ist es mir gelungen, die K*-Kanalausstattung von IHZ zu entschliisseln. Dafir
habe ich aus publizierten Einzelzell-Transkriptom-Analysen von IHZ Kandidatenkandle
extrahiert und deren Expression in der Cochlea mittels molekularbiologischen und
immunhistochemischen Techniken bestatigt. Mittels elektrophysiologischer Methoden konnte ich
dann tberprifen, ob diese Kandle in den IHZ aktiv sind. Flr den funktionellen Nachweis konnte
ich zum einen auf etablierte Protokolle zurtickgreifen, andere Kandidatenkanéle musste ich erst
im Expressionssystem eingehend charakterisieren und selbst geeignete Messprotokolle und ein
pharmakologisches Profil zum Nachweis in nativem Gewebe entwickeln. Diese Untersuchungen
zeigten, dass sich trotz enger phylogenetischer Verwandtschaft und darauf aufbauenden
Ahnlichkeiten in der Gesamtarchitektur, die pharmakologischen Eigenschaften von K*-Kanalen
doch signifikant unterscheiden kdnnen. Aufbauend auf den Arbeiten im Expressionssystem
konnte ich dann zeigen, dass K,1.8-, K\11.1- und K,12.1-Kandle in IHZ aktiv sind. Somit konnte
ich Ky11.1-Kandlen erstmals eine Rolle im sensorischen System, und K,1.8- und K,12.1-Kanalen
tberhaupt erstmalig eine physiologische Bedeutung zuweisen. Die Relevanz dieser
aullergewohnlichen Ausstattung aus funf K*-Kanaluntereinheiten in IHZ (K.1.8-, K,7.4-,
Ky11.1-, Ky12.1- und BKcs-Kandle) wurde dann anhand von Computermodellen eingehend
untersucht. Diese Simulationen zeigten, dass alle Kandle gemeinsam die Prézision der
Schallverarbeitung in IHZ optimieren und die Verarbeitung komplexer Schallereignisse und
somit sensitives Horen (berhaupt erst ermdglichen, wéahrend IHZ mit vereinfachter
Kanalzusammensetzung in der Verarbeitung von Schallreizen eingeschrankt sind.



SUMMARY

Background: The precise processing of auditory stimuli is ensured by outer (OHC) and inner
hair cells (IHC) in the organ of Corti. Since the physiological tasks (cochlear amplification and
synaptic transmission) of these cells are driven by receptor potentials, the shape and the amplitude
of these potential changes are essential for the function of the sensory cells. The characteristics
of these receptor potentials depend on the activity of the apical mechano-electrical transduction
channels and on basolateral (voltage-dependent) K* conductances, which together define the
biophysical membrane properties of the sensory cells. Due to their biophysical properties, the
basolateral K* currents were previously classified as Ik, Iknand lks. The underlying ion channels
and their modulatory interaction partners are largely unknown.

Aims of the thesis: The goals of this doctoral thesis were (1.) to investigate the role of a potential
interaction partner (the enzyme B-secretase 1; BACEL) for K* channel function in hair cells, and
(11.) to unravel the channel subunits that make up the K* channel repertoire in IHCs, as well as to
elucidate the physiological relevance of these K* channels by using in-silico simulations.
Results on BACEL1: | found that BACE1" mice exhibit significant hearing loss compared to
wild-type mice, which is caused by disorganization of the synaptic connections between the IHC
and the auditory nerve fibers and greatly reduced myelination of these nerve fibers. Noteworthy,
BACEL is important for the development of the cochlear nerve fibers, but not for the maintenance
of their myelination in adulthood. | also identified Neuregulin-1 as the BACEL substrate in the
cochlea that is pivotal for normal organization and myelination of the cochlear nerve fibers.
Contrary to our initial hypothesis, BACE1 thus is not an interaction partner of K* channels in
sensory hair cells. However, my results showed for the first time that BACEL is indispensable for
sensitive hearing. Because inhibiting BACEL is considered a promising approach to treat
Alzheimer's disease, it was important to determine whether such medication could affect hearing
sensitivity. We did not detect any hearing impairment or abnormal changes in the cochlea of mice
treated with the well-known BACEL inhibitor NB-360. These results suggest that hearing loss
may not be a side-effect of Alzheimer's disease therapy with BACEL inhibitors.

Results on the K* channel repertoire of auditory hair cells: In a hypothesis-driven candidate
approach, | succeeded in deciphering the K* channel repertoire of IHCs. First, | extracted
candidate channels from published single cell transcriptome analyses of IHCs. Then | confirmed
expression of these channels in the cochlea using molecular biological and immunohistochemical
methods. | employed electrophysiological techniques to elucidate whether these candidate
channels are active in IHCs. To develop an approach towards identification of channel subtypes
by their biophysical properties, | established protocols in heterologous expression system to
characterize the candidate channels in detail. Thus, | identified unique properties and suitable
measurement protocols for subsequent detection in native tissue. Surprisingly, these studies
showed that despite close phylogenetic relationship and similarities in the overall architecture,
the pharmacological properties of K* channels can differ significantly. Based on the work in the
expression system, | was able to show that K,1.8, K,11.1 and K,12.1 channels are active in IHCs.
Hence, for the first time | could assign a role in a sensory system to Ky11.1 channels, and my
results constitute the first demonstration of relevance of K,1.8 and K,12.1. We then untangled the
physiological importance of this extraordinary repertoire of five K* channel subunits (K,1.8,
K.7.4, Ky11.1, K\12.1 and BKca channels) in detail using in-silico simulations. These models
showed that all channels together synergistically optimize the precision of sound processing in
IHCs, while IHCs with fewer channel populations are limited in the processing of sound stimuli
adequately. The channel repertoire thus represents an evolutionary adaptation, that enables the
processing of complex sounds and sensitive hearing.
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EINLEITUNG

1.Einleitung

1.1 Das Gehdr ist ein auBerordentlich sensitives Sinnesorgan

Nicht nur wir Menschen, sondern auch die Tierwelt benutzt das Gehor, um sensorische
Informationen aus der Umgebung zu gewinnen, die fiir das Uberleben, die Orientierung und die
Kommunikation essentiell sind. Dabei kénnen Menschen Schallereignisse zwischen 20 und
20.000 Hz (Hertz) wahrnehmen und zwischen Tdnen unterscheiden, deren Frequenzen sich nur
um 0,3% unterscheiden (Dallos 1992; Fettiplace and Hackney 2006). Diese enorme Sensitivitat
wird durch schnelle und préazise Signalverarbeitung, sowie durch morphologische und
funktionelle Besonderheiten im Corti’'schen Organ in der Cochlea (Gehdrschnecke) des
Innenohres ermdglicht. Schallwellen versetzen dort zunéchst die Basilarmembran in Schwingung,
die zur Spitze (Apex) der Cochlea hin breiter, dinner und elastischer wird. Durch diese
besonderen Eigenschaften bilden hohe Frequenzen ein Schwingmaximum am basalen Ende der
Basilarmembran aus, wahrend tiefe Frequenzen ein Maximum in der N&he des Apex bilden
(Békésy und Wever 1960). Auf diese Weise wird jeder Frequenz ein bestimmter Ort auf der
Basilarmembran zugeordnet, ein Vorgang, der als Frequenz-Ortsabbildung oder Tonotopie
bezeichnet wird. Diese schallinduzierten Schwingungen werden von auditorischen
Haarsinneszellen, die in Reihen entlang des Corti’schen Organs auf der Basilarmembran
angeordnet sind, in elektrische Signale des Nervensystems U(bersetzt (mechano-elektrische
Transduktion).

Die Sdugetierschnecke enthalt zwei Klassen von Haarsinneszellen: Innere Haarsinneszellen
(IHZ), von denen es in jeder menschlichen Cochlea 2.800-4.400 gibt, werden von der
tiberwiegenden Mehrheit (90-95%) der afferenten Fasern des Nervus cochlearis innerviert. Sie
sind die priméren Schalldetektoren der Cochlea und ubertragen die Schallinformation auf den
Hornerv. Die rund 11.200-16.000 auBeren Haarsinneszellen (AHZ) sind Uberwiegend efferent
innerviert und erhéhen durch aktive L&ngendnderung die Frequenzdiskriminierung und die
Empfindlichkeit der Cochlea gegentber leisen Schallereignissen. Dieser Prozess wird als die von
den AHZ-vermittelte kochleare Verstarkung bezeichnet (Ryugo 1992).

Die Funktion aller Haarsinneszellen basiert auf der fein abgestimmten Expression und Funktion
von lonenkandlen, die als Poren in biologischen Membranen die passive Diffusion von lonen
entlang des bestehenden elektrochemischen Gradienten ermdglichen. Haarsinneszellen sind
epitheliale Zellen, deren Membranpotential und insbesondere dessen Anderungen vom
Wechselspiel zwischen apikalen mechano-elektrischen Transduktionskandlen (MET-Kanéle) und
basolateralen (spannungsabhédngigen) K*-Kanélen abhangen. Die MET-Kanéle befinden sich im
sogenannten Haarbundel am apikalen Zellpol, das in die Endolymphe mit einer fur den
Extrazellularraum ungewdhnlich hohen K*-Konzentration ragt (Schwander et al. 2010). Bei dem
Haarbilindel handelt es sich um miteinander tber Proteinfdden (Tip-links) verbundene und mit
Aktin gefillte Ausstiilpungen der Membran, den sogenannten Stereozilien, die in Reihen mit
zunehmender Léange angeordnet sind. Wird das Haarbundel in Richtung des l&ngsten
Stereoziliums ausgelenkt, Offnen vermehrt MET-Kanéle, wahrend eine Auslenkung in
Gegenrichtung diese Kanéle schlie8t (Goutman et al. 2015; Schwander et al. 2010). Da K*-lonen
Uiber die MET-Kanale in die Zellen einstrémen, vermittelt das Haarbindel somit die Umwandlung
der mechanischen Schallschwingung in ein elektrisches Signal, dem Rezeptorpotential der
Haarsinneszellen. Sowohl in IHZ als auch in AHZ fiihrt der K*-Einstrom durch die MET-Kanale
zur Depolarisation des Membranpotentials (Beurg et al. 2009; Schwander et al. 2010). Das
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SchlielRen der MET-Kanaéle fuhrt dementsprechend zur Hyperpolarisation des Membranpotentials
der Sinneszellen. Somit bilden sich als Antwort auf Schallreize sinusférmige (abwechselnd de-
und hyperpolarisierende) Rezeptorpotentiale, deren Amplitude mit der Auslenkung des
Haarbundels und somit mit der Schallintensitdt zunimmt.

A o B oy

K‘K‘ K

Prestin . ) T K
ca® @ W% ks = BKce-Kanal
K.7.4 N K lkn= K7.4+2
lkn=K7.4+2\, ks =?
K
immunohistochemische &uRere Haarsinneszelle innere Haarsinneszelle
Antikérper-Farbung (AHZ) (IHZ)

Abb.1 Schematische Darstellung der Signalverarbeitung in Haarsinneszellen

(A) Links: Immunohistochemische Farbung einer AHZ im nativen Gewebe der Cochlea mittels spezifischer Antikérper
gegen Prestin (rot) und Ky7.4 (griin). Rechts: Schematisch dargestellter Verstirkungsmechanismus von AHZ:
(D) Auslenkung der Stereozilien durch relative Scherbewegungen der Tektorialmembran zur Basilarmembran in AHZ.
(2) Offnung der MET-Kanale. Der Einstrom von K* depolarisiert die Haarsinneszelle. (3) Spannungsabhangige
Langenveranderung (Prestin) der AHZ fiihrt zur Verstarkung der Wanderwelle auf der Basilarmembran. (4) K*-Efflux
Uber Ky7.4-Kandle (Ikn). (B) Schematische Darstellung der Signalweiterleitung von IHZ auf Fasern des Hornervs:
Schritte (1) und (2) laufen ab wie bei AHZ, nur dass die Auslenkung der Stereozilien (kein Kontakt zur
Tektorialmembran) durch den Fluss der Endolymphe ausgelést wird. (3) Depolarisation des Membranpotentials &ffnet
spannungsabhangige Ca?*-Kanile (4) Eingestromtes Ca2* fiihrt zur Ausschiittung von Glutamat aus IHZ, welches dann
postsynaptische AMPA-Rezeptoren auf auditorischen Nervenfasern aktiviert. Generell entstehen in AHZ und IHZ
durch die Auslenkung der Haarbiindel Rezeptorpotentiale, deren Charakteristika durch die Aktivitat der MET-Kanéle
und der basolateralen K*-Kanile (AHZ: Ikn; IHZ: Ik, Ik, lk;s) moduliert werden.

Diese Rezeptorpotentiale l6sen unterschiedliche Prozesse in AHZ (Abb.1A) und IHZ (Abb.1B)
aus: In AHZ treiben die Rezeptorpotentiale spannungsabhangige Lingenanderungen des
Zellkorpers an, die die Grundlage des kochledren Verstarkers darstellen. Der molekulare Motor
fur diesen auch als Elektromotilitat bezeichneten VVorgang ist das Protein Prestin in der lateralen
Membran der AHZ, das Membranpotentialdnderungen in zelluldre Kontraktionen umwandelt
(Dallos and Fakler 2002; Zheng et al. 2002). Bei Depolarisation kommt es zur Verkirzung der
AHZ, bei Hyperpolarisation zur Verlangerung. Die dabei entstehende Kraft wird in einer
Ruckkopplungsschleife in die Schwingung der Basilarmembran eingespeist und kann diese um
das Tausendfache verstarken (Brownell et al. 1985; Dallos et al. 2009; Liberman et al. 2002;
Zheng et al. 2002).

In IHZ dagegen aktivieren depolarisierende Rezeptorpotentiale spannungsabhangige
Calciumkanale (Cay1.3) vom L-Typ (Brandt et al. 2003). Der resultierende Ca?*-Einstrom fiihrt
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zur Freisetzung des Neurotransmitters L-Glutamat in den synaptischen Spalt aus den am basalen
Zellpol liegenden Bandersynapsen (ribbon synapse). Glutamat steuert wiederum Uber die
Bindung an AMPA-Rezeptoren die Generierung von Aktionspotentialen in den postsynaptischen
Spiralganglionneuronen (SGN) und somit die Signalweiterleitung der Schallinformation in die
héheren auditorischen Hirnareale. IHZ werden von mehreren afferenten Typ-1-SGN innerviert,
wobei jedes SGN nur eine einzige IHZ kontaktiert (Glowatzki and Fuchs 2002; Moser and
Lysakowski 2006).

1.2 Basolaterale K*-lonenkandle sind essentiell fur die Funktion von Haarsinneszellen

Da die physiologischen Aufgaben der AHZ (kochledre Verstarkung) und IHZ (synaptische
Ubertragung) vom Rezeptorpotential angetrieben werden, sind Form und Amplitude dieser
Potentialanderungen essentiell fir die Funktion der Sinneszellen. Hierfiir entscheidend ist
einerseits die Aktivitat der MET-Kanéle, tber die schallinduzierte Rezeptorpotentiale in den
Sinneszellen gebildet werden. Andererseits werden Form und Amplitude der Rezeptorpotentiale
beeinflusst und moduliert durch die Aktivitdit von in den Haarsinneszellen exprimierten
basolateralen spannungsabhangigen K*-lonenkanélen, die die biophysikalischen Eigenschaften
der Zellmembran (Ruhepotential, Zeitkonstante, etc.) maRgeblich bestimmen.

Diese Leitfahigkeiten werden nach ihren biophysikalischen Eigenschaften (siehe unten) als Ik,
I.n und Ik s bezeichnet und sind in IHZ und AHZ differentiell ausgepragt (Marcotti et al. 2003;
Oliver et al. 2003). In AHZ kommen hauptsachlich der negativ aktivierende Ik, und der schnell
aktivierende Ik s K*-Strom vor, wobei Ik » den weitaus groRten Stromanteil in diesen Sinneszellen
stellt (Kharkovets et al. 2006; Kros et al. 1998; Mammano et al. 1995; Marcotti et al. 2003;
Marcotti and Kros 1999). Ikn ist charakterisiert durch eine Aktivierung bei auBerordentlich
negativer Membranspannung, was den AHZ eine komplette Aktivitdit im Bereich des
Ruhemembranpotentials von -40 mV ermdglicht (Johnson et al. 2011; Mammano et al. 1995).
Diese groBen Ik, Strome nahe am Ruhemembranpotential reduzieren die Zeitkonstante der
Zellmembran, wodurch schnelle Anderungen des Membranpotentials und somit die
Prestin-vermittelte Elektromotilitdt ermdglicht wird (Johnson et al. 2011). Ik ist damit eine
essentielle biophysikalische Voraussetzung flir den kochledren Verstdrkungsmechanismus und
somit fur die Sensitivitat des Sdugergehdrs (Johnson et al. 2011).

Im Gegensatz zu AHZ kommt in IHZ neben lxs und Ik, noch die langsam aktivierende
Stromkomponente ks vor (Marcotti et al. 2003). Bisher ist die physiologische Bedeutung der
einzelnen Stromkomponenten zwar unklar, aber kirzlich konnte gezeigt werden, dass sich der
relative Anteil der einzelnen Komponenten am Gesamtstrom der IHZ entlang der tonotopen
Achse verandert. So bleibt die GroRe des Ik s Stroms zwar konstant entlang der tonotopen Achse,
IHZ in der Basis der Cochlea weisen aber einen groReren Ik s Strom und einen kleinen negativ
aktivierenden lIx,» Strom auf. Apikale IHZ dagegen zeigen bei kleinem Ik s einen grofRen Ik » Strom
(Johnson 2015). AuBerdem zeichnen sich basale IHZ durch eine geringere Ruheaktivitat der
MET-Kandle aus. Wohingegen apikale IHZ, welche niedrige Frequenzen verarbeiten, ein eher
depolarisiertes Membranpotential (Vn=-55 mV), eine groRere Ruheleitfahigkeit und eine
schnellere Membranzeitkonstante gegenuiber der basalen IHZ (Vin=-65 mV) zeigen (Johnson
2015). Das ermdglicht es den apikalen IHZ, Rezeptorpotentiale hervorzubringen, die mit einer
schnellen phasisch-oszillierenden Komponente (AC) dem Schallreiz folgen (Glowatzki and
Fuchs 2002; Johnson 2015), d.h. apikale IHZ konnen die Frequenz eines ankommenden
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Schallereignisses genauer abbilden. Im Gegensatz dazu kdnnen die Rezeptorpotentiale von
basalen IHZ hochfrequenten Stimuli aufgrund der Membraneigenschaften nicht mehr folgen,
bringen aber fir die Dauer des auditorischen Reizes eine anhaltende depolarisierende
(DC)-Komponente hervor, auf der eine kleine AC-Komponente sitzt (Brandt et al. 2003).
Dementsprechend konnen basale IHZ vornehmlich den Schalldruck eines Schallreizes abbilden
(Johnson 2015). Die Ursache flr diese Unterschiede liegt in der variierenden Aktivitat der
MET- Kanéle und der basolateralen K*-Kanéle.

Zusammenfassend kann also gesagt werden, dass Uber Form und Amplitude der
Rezeptorpotentiale apikale IHZ eher die Frequenz, basale IHZ eher die Intensitat eines
Schallreizes abbilden kénnen. Die Charakteristika der Rezeptorpotentiale in den IHZ werden
wiederum durch die biophysikalischen Eigenschaften der Zellmembran bedingt, die wiederum
von K*-Strémen bestimmt werden, deren Expression sich entlang der tonotopen Achse verandert.

1.3 Die Identitat der meisten K*-Kanale in Haarsinneszellen ist unbekannt

Trotz der enormen Relevanz der Kaliumstrome flr die Physiologie der Sinneszellen ist die
molekulare Identitéat der lonenkanéle, die Ik, Ik,und lks hervorbringen, nicht vollig aufgeklart.
So konnte zwar mithilfe von Iberiotoxin (IbTX), Charybdotoxin und Tetraethylammonium (TEA)
(Kros et al. 1998; Marcotti and Kros 1999) und durch Experimente an knock-out Mausen (Pyott
et al. 2007; Ruttiger et al. 2004; Thurm et al. 2005) eindeutig gezeigt werden, dass lks in den
Haarsinneszellen durch Ca?*- und spannungsaktivierte BK-Kanale (BKc.) vermittelt wird, jedoch
stimmen dessen biophysikalische Eigenschaften in IHZ nicht mit rekombinanten BKc,-Kanélen
Uberein. In Haarsinneszellen aktivieren die Kanale namlich auch in Abwesenheit von Ca?* bei
negativen Membranpotentialen, was fir heterolog exprimierte BKc,-Kanéle nicht der Fall ist
(Thurm et al. 2005). Diese Unterschiede deuten darauf hin, dass Haarzell-spezifische
Interaktionspartner diese besonderen Eigenschaften in den Sinneszellen bedingen. Tatsachlich
konnte erst kirzlich gezeigt werden, dass diese Eigenschaften (Ca?*-Unabhangigkeit und
Aktivierung bei negativen Membranpotentialen) durch die regulatorische y-Untereinheit LRRC52
determiniert wird, welche in den Sinneszellen prominent exprimiert ist (Lingle et al. 2019).
Ahnlich verhilt es sich mit dem lonenkanalkomplex, der Ik hervorbringt. So konnte zwar an
Mausen, in denen das Kcng4 Gen genetisch ausgeschalten wurde, gezeigt werden, dass Ik in IHZ
und AHZ fehlt, d.h. K,7.4-Kanale bringen Ik, als essentielle Kanaluntereinheiten in den
Sinneszellen hervor (Kharkovets et al. 2006). Jedoch kénnen auch K,7.4-Untereinheiten nicht
alleine die biophysikalischen Eigenschaften des Haarzellstroms erklaren. Wahrend Ik, bereits bei
Spannungen um ca. -70 mV bis -80 mV halbmaximal aktiviert ist, aktivieren rekombinante
K.7.4-Kandle erst bei um ungefahr +60 mV positiveren Potentialen (Mammano and Ashmore
1996; Sggaard et al. 2001). Daruber hinaus unterscheidet sich die Aktivierungskinetik, das
pharmakologische Profil und die Phospholipid-Abhéangigkeit von Ik deutlich von rekombinanten
K.7.4-Kandlen (Leitner et al. 2012; Leitner et al. 2011). Wahrscheinlich sind in Haarsinneszellen
Interaktionspartner exprimiert, die lIkn zusammen mit K,7.4 hervorbringen. Diese
Interaktionspartner sind von besonderer physiologischer Bedeutung, weil sie die komplette
Aktivierung von Ik » beim Ruhepotential und somit die schnellen Rezeptorpotentialdnderungen in
AHZ gewihrleisten. Somit ist diese Interaktion eine essentielle Voraussetzung fiir die
Frequenzdiskriminierung und hohe Sensitivitdt des S&ugergehors (Johnson et al. 2011).
AuRerdem ist lxn/K,7.4 fiir das Uberleben der AHZ unabdingbar, da die pharmakologische
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Inhibition und die genetische Ablation von K,7.4-Untereinheiten eine langsame Degeneration der
AHZ zur Folge hat (Kharkovets et al. 2006; Nouvian et al. 2003). Klinisch von Bedeutung ist
dies, da K,7.4-Mutationen Uber analoge Mechanismen die autosomal dominante Taubheitsform
DFNAZ2 im Menschen hervorrufen (Coucke et al. 1999; Kubisch et al. 1999). Somit ist Ik, nicht
nur wichtig fir die Signalverarbeitung in Haarsinneszellen, sondern auch fir den Erhalt der
Sinneszellen. Die Interaktionspartner, die Ik, zusammen mit K,7.4 ausbilden, sind bisher
unbekannt.

Ebenso unbekannt sind auch die lonenkanéle, die den langsam aktivierenden Ixs in IHZ
hervorbringen. Bekannt ist lediglich, dass der Strom teilweise durch den Kaliumkanalinhibitor 4-
Aminopyridin (4-AP) gehemmt wird und sich die Stromkomponente in Méausen etwa 12-19 Tage
nach der Geburt entwickelt (Marcotti et al. 2003). Es ist also sehr gut mdglich, dass sich der Ik
in IHZ aus mehreren unabhéngigen lonenkanaluntereinheiten (4-AP-sensitive und nicht sensitive)
zusammensetzt.

Demnach sind die Proteine, die Ik, und Ik in auditorischen Haarsinneszellen hervorbringen bis
heute unbekannt. Die Identifikation dieser Kanaluntereinheiten und der Interaktionspartner in
Haarsinneszellen ermdglicht nicht nur ein besseres Verstandnis der Hoérphysiologie, sondern
bietet auch neue Zielmolekule fiir die therapeutische und pharmakologische Intervention bei
Schwerhdrigkeitsformen, die durch Verlust der Aktivitat von K*-Kanélen in Haarsinneszellen
hervorgerufen werden (z.B. DFNAZ2, siehe oben). Allerdings gestaltet sich die Identifizierung der
Kanaluntereinheiten und Interaktionspartner in den Sinneszellen als schwierig: so wurde erst
2019 und somit 29 Jahre nach der Erstbeschreibung des Stroms in IHZ (Kros and Crawford 1990)
die regulatorische y-Untereinheit LRRC52 (Lingle et al. 2019) der BKca-vermittelten Ik
Komponente in IHZ entdeckt. Dass die biophysikalischen und pharmakologischen Eigenschaften
der Haarzellkanale nicht nur durch akzessorische Untereinheiten, sondern auch durch
Splice-Varianten, posttranslationale Modifikationen und die Bildung heteromerer Kandale
beeinflusst sein kdnnten, erschwert die Identifikation und Analyse der beteiligten Untereinheiten
zusétzlich.

1.4 Fragestellung und Zielsetzung der Arbeit

Die vorliegende Arbeit hatte das Ziel, die in Haarsinneszellen exprimierten Kaliumkanéle,
mdogliche akzessorische Untereinheiten, sowie die Relevanz der vermittelten Strome fir die
Physiologie der Sinneszellen zu ermitteln. Da klassische biochemische Methoden und
Massenspektrometrie-Verfahren aufgrund der geringen zur Verfigung stehenden Gewebemenge
(vgl. Corti'sches Organ) nur bedingt in Haarsinneszellen angewendet werden konnen, sollte
hierfir zuerst eine Strategie zur Identifikation von in den Sinneszellen mdglicherweise
exprimierten Kandidatenkanélen etabliert werden. Die Kandidatenkanéle sollten dann im
Expressionssystem eingehend charakterisiert und experimentelle Protokolle zum Nachweis ihrer
Aktivitat in Haarsinneszellen entwickelt werden. Diese Protokolle sollten dann angewendet
werden, um zu prifen, ob die Kandle in Haarsinneszellen funktionell vorkommen. Abschlie3end
wurde die Funktion und die biologische Bedeutung der identifizierten lonenkanéle fiir die
Sinneszellen anhand von Computersimulationen bestimmt. Die vorliegende Arbeit beschreibt
meine Ergebnisse in zwei Abschnitten zu (1.) einem vielversprechenden Interaktionspartner von
K.7.4-Kandlen in AHZ und (I1.) den K*-Kanaluntereinheiten, die die K*-Kanal-Ausstattung in
IHZ ausmachen:
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. Die Rolle der B-Sekretase 1 (BACE1) im auditorischen System

Kiirzlich konnte gezeigt werden, dass das Enzym B-Sekretase 1 (BACE1) eine akzessorische
Untereinheit von K,7-Kandlen ist (Agsten et al. 2015; Hessler et al. 2015; Lehnert et al. 2016).
Im heterologen Expressionssystem und auch in zentralen Neuronen (Hippocampus) interagiert
BACEL direkt mit K,7-Kanaluntereinheiten und erhoht dadurch deren Lokalisation in der
Zellmembran, sowie deren Aktivitat. Aullerdem aktivieren K,7-Kanéle (eingeschlossen K,7.4) in
Zellen, die BACEL1 ko-exprimieren, bei deutlich hyperpolarisierten Membranpotentialen (Hessler
et al. 2015). In bis zum damaligen Zeitpunkt unveroffentlichten Vorarbeiten fanden
Kollaborationspartner aus Erlangen und Gottingen heraus, dass BACEL1” Mause einen
signifikanten Horverlust zeigen. Diese phanotypischen Gemeinsamkeiten zu Kcng4”- Mausen, die
einen &hnlichen Horverlust entwickeln (Kharkovets et al. 2006), und die beschriebenen
Auswirkungen der BACE1 Ko-expression auf K,7.4-Kanaluntereinheiten (v.a. die Veranderung
der Spannungsabhangigkeit von K,7.4 Kanalen durch BACEL) legten nahe, dass der Horverlust
in BACE1"- Mausen durch die Veranderung der Aktivitat von K,7.4-Kanalen hervorrufen werden
konnte. Das flhrte mich zu zwei zentralen Fragestellungen meiner Arbeit: 1. Konnte BACE1 der
Interaktionspartner in AHZ sein, der I » zusammen mit K,7.4-Kanaluntereinheiten hervorbringt?
2. Was sind die molekularen und zellularen Ursachen fiir den Horverlust in den BACE1"- Méausen
(Paper 1)?

. Entschlisselung des K*-Kanal-Ausstattung in Haarsinneszellen

Ein weiteres Ziel meiner Arbeit war es, K*-Kanaluntereinheiten, die in Haarsinneszellen
exprimiert sind, zu identifizieren und deren Bedeutung fur die Physiologie der Sinneszellen
aufzuklaren. Um mdgliche Kandidatenkandle zu finden, sollten zundchst verflighare
Einzelzell-Transkriptome von IHZ analysiert werden (Liu et al. 2014), um Kanaluntereinheiten
herauszuarbeiten, die mdglicherweise in Haarsinneszellen exprimiert sein kdnnten. Dann sollte
die Expression dieser Kandidaten in der Cochlea mittels molekularbiologischer und
immunhistochemischer Methoden experimentell getestet (Paper 5) und elektrophysiologische
Ansitze entwickelt werden (Paper 2, 3 und 4), die den funktionellen Nachweis der Kanale in den
Haarsinneszellen erméglichen. Aufbauend auf dem funktionellen Nachweis der Kandle sollten in
Kollaboration mit Dr. Alessandro Altoe biophysikalische Modelle von Haarsinneszellen
entwickelt werden, anhand derer die biologische Relevanz der einzelnen Kanalkomponenten
ermittelt werden kann (Paper 5).
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3. Resultate

3.1 Die Rolle der Beta-Sekretase 1 (BACEL) im auditorischen System

Die Beta-Sekretase 1, auch BACE1 (fir 3-site of APP cleaving enzyme), Asp2 oder Memapsin
genannt, ist eine Protease, die 1999 von funf Gruppen unabhéangig voneinander entdeckt worden
ist (Hussain et al. 1999; Lin et al. 2000; Sinha et al. 1999; Vassar et al. 1999; Yan et al. 1999) und
die Bildung des neurotoxischen Beta-Amyloid-Peptides (AR) initiiert. Dieser pathogenetische
Mechanismus ist wahrscheinlich fir die Entstehung und das Fortschreiten der
Alzheimer-Krankheit verantwortlich, was die pharmakologische Inhibition des Enzyms zu einer
vielversprechenden Strategie in der Therapie der Erkrankung macht (Haass and Selkoe 1993).
Das Enzym hat aber natirlich auch weitere physiologische Aufgaben, was dadurch verdeutlicht
wird, dass in den letzten Jahren (ber 60 BACEZ1-Substrate identifiziert werden konnten
(Hemming et al. 2009). Somit kann die pharmakologische Inhibition des Enzyms zu
ernstzunehmenden Nebenwirkungen bei der Therapie der Alzheimer-Krankheit fiihren. Um
maogliche Nebenwirkungen der Behandlung abschétzen zu kénnen, ist es daher wichtig, die
physiologischen Funktionen von BACE1 zu kennen.

Auf der Suche nach neuen physiologischen Aufgaben von BACELl haben unsere
Kollaborationspartner (um Prof. Dr. Alzheimer und Dr. Huth) vom Institut fir Physiologie und
Pathophysiologie der Friedrich-Alexander-Universitat in Erlangen die Horleistung von Mausen
bestimmt, in denen BACEL1 genetisch ausgeschaltet wurde (BACE1") (Dominguez et al. 2005).
Dies erfolgte zundchst anhand der Hirnstammaudiometrie (ABR), bei der mittels EEG-Elektroden
das Antwortverhalten von neuronalen Strukturen entlang der auditorischen Bahn in Abhéngigkeit
definierter auditorischer Reize bestimmt wird. Dabei zeigen sich die synchronen Antworten
neuronaler Strukturen entlang der Horbahn als eine typische Abfolge von charakteristischen
Potentialwellen (Welle 1-5/6). Diese Experimente ergaben eine deutliche HOrminderung in
BACE1" Mausen, die einerseits gekennzeichnet war durch eine erhohte Horschwelle von
20-40 dB im Frequenzbereich von 4 bis 32 kHz, und anderseits durch eine signifikante
Verringerung der Amplitude und einer Verlangerung der Latenzzeit der Welle 1
(Paper 1, Abb.1A-D). Da Welle 1 die synchrone Aktivitat im peripheren Anteil des Hirnnerven
VI wiederspeigelt, liegt die Ursache fir den Horverlust der BACE1"- Mause vermutlich an einer
beeintrachtigten Informationsverarbeitung zwischen Haarsinneszellen und den auditorischen
Nervenfasern im Corti’schen Organ. Dazu passend waren auch die erheblich reduzierten
otoakustischen Emissionen (OAE) in den BACE1’~ Mausen, welche direkt einen
Funktionsverlust der AHZ anzeigten (Paper 1, Abb.1E).

3.1.1 Ist die Interaktion von BACEl mit K,7.4-Kanaluntereinheiten die molekulare
Grundlage fur den Haarzellstrom Ik ,?

Umfangreiche histologische Analysen in der Cochlea ergaben keinerlei Hinweise auf strukturelle
Veranderungen im Corti’schen Organ, sowie Verluste oder Schaden an Haarsinneszellen, die den
Horverlust von BACE1"- Mausen erklaren konnten (Paper 1, Abb.3A+B). Deswegen habe ich
anschlielend untersucht, ob BACEL essentiell fir die Physiologie der Haarsinneszellen sein
konnte. Mittels immunohistochemischen Farbungen konnte ich keinerlei Unterschiede in der
Expression von K,7.4 in den AHZ zwischen Wildtyp und BACE1” Mausen entdecken
(Paper 1, Abb.3E). Elektrophysiologische Messungen zeigten, dass es in Hinsicht auf
Zellmembrankapazitat und Membranzeitkonstanten, sowie das Ruhemembranpotential keinerlei
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Unterschiede zwischen IHZ bzw. AHZ von Wildtyp und BACE1’ Mausen gab
(Paper 1, Abb.4B-H). AuBerdem waren die biophysikalischen Eigenschaften von Ik, in den
Haarsinneszellen der BACE1" Mause unverandert (Paper 1, Abb.4B-D). BACEL ist also kein
essentieller Interaktionspartner von K,7.4-Kandlen in Haarsinneszellen und dementsprechend
nicht fir die biophysikalischen Eigenschaften von Ik verantwortlich.

Weiterflihnrende Experimente zur Physiologie der Haarsinneszellen zeigten, dass in BACE1™"
Mause die Expression des Proteins Prestin in der lateralen Plasmamembran der AHZ
(Paper 1, Abb.3D) und dessen Funktion (Paper 1, Abb.4A) vollkommen normal waren. Ebenso
konnte ich mittels konfokaler Mikroskopie und der Applikation des lipophilen Styrylfarbstoffes
FM1-43, der durch MET-Kanale in Haarsinneszellen eindringt, keine Unterschiede in der
Aktivitat der MET-Kanale in den BACE1” Mausen feststellen (Paper 1, Abb.3C). Da die
Physiologie von Haarsinneszellen in BACE1” Mausen unverandert war, zeigen diese Ergebnisse,
dass BACEL fir die Funktion der Sinneszellen nicht von Bedeutung ist. Dazu passt auch, dass
ich in immunhistochemischen Experimenten keinerlei Hinweise auf die Expression von BACE1
in Haarsinneszellen finden konnte (Paper 1, Abb.2C+D). Dementsprechend ist es
unwahrscheinlich, dass der Horverlust in BACE1"- Mausen durch pathophysiologische Prozesse
in den Haarsinneszellen hervorgerufen wird.

3.1.2 Sensorineuronaler Hoérverlust aufgrund der Hypomyelinisierung von peripheren
auditorischen Nervenfasern in BACE1” Mausen

Stattdessen beobachtete ich, dass BACE1L stark in Nervenzellen der Cochlea exprimiert ist,
nadmlich in prasynaptischen Terminalen von efferenten olivo-kochledren Neuronen, sowie in
priméren auditorischen Nervenfasern, deren Zellkdrper sich im Spiralganglion der Cochlea
befindet (Paper 1, Abb.2A-D). Wegen der starken Expression von BACEL in den Nervenzellen
der Cochlea analysierte ich dann den Signalibertragungsweg von IHZ zu auditorischen
Nervenfasern in den BACE1” Mausen. In diesen Experimenten fand ich heraus, dass sich die
Anzahl der prasynaptischen Bandersynapsen in den IHZ und der Cluster von postsynaptischen
AMPA-Rezeptoren in den BACE1”- Méausen nicht von Wildtyp-Mausen unterschieden, d.h. die
morphologische Integritat der Synapsen war normal in den BACE17Méusen (Paper 1, Abb.5).
In einem néchsten Schritt farbte ich die Nervenfasern mit Antikdrpern, die gegen den neuronalen
Marker NF-200, myelin basic protein (MBP; Darstellung der Myelinisierung) und post synaptic
density Protein 95 (PSD95) gerichtet waren. Bei der Analyse der auditorischen Nervenfasern, die
vom Spiralganglion zum Corti"schen Organ ziehen konnte ich zwei wesentliche Anomalien
feststellen:

1) In BACE1" Mausen waren die Nervenfasern im Bereich der IHZ unorganisiert, teilweise
vergroRert und geschwollen. Auferdem war in diesen Mausen PSD95 ektopisch
tiberexprimiert und befand sich teilweise weit (d.h. mehrere pm) von der IHZ Synapse
entfernt (Paper 1, Abb.6).

2) Die Myelinisierung der Nervenfasern in BACE1’~ Mausen war extrem vermindert:
Wihrend in Wildtyp-Mé&usen die Myelinisierung bis an die Habenula perforata nahe den
IHZ heranreichte, endete diese in den BACE1"- Mausen, soweit (iberhaupt vorhanden, weit
von den IHZ entfernt (Paper 1, Abb.7A-C). Transmissionselektronenmikroskopie bestétigte
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die stark verringerte Myelinisierung der SGN in den BACE1”" Mausen (Paper 1,
Abb.7D+E).

BACEL1 ist also fir eine normale Nervenfaserarchitektur, Myelinisierung und organisierte
synaptische Verbindungen zwischen IHZ und den auditorischen Nervenfasern essentiell. Diese
pathologischen Veranderungen konnen den Horverlust in BACE1”- Méausen erklaren, da in diesen
Tieren eine normale Informationsubertragung auf den Hornerv wahrscheinlich nicht moglich ist.
In weiterfiihrenden Experimenten suchte ich nach einem mdglichen Substrat der enzymatischen
Aktivitdt von BACEL in der Cochlea, dessen Prozessierung fur die Myelinisierung der
Nervenfasern von Bedeutung sein konnte. Ein vielversprechender Kandidat war Neuregulin-1
(NRG1), das in SGN vorkommt (Hansen et al. 2001) und nach proteolytischer Spaltung durch
BACEL1 Uber ErbB-Rezeptoren die Myelinisierung von peripheren Nervenfasern vermittelt (Hu
et al. 2006; Sherman and Brophy 2005; Willem et al. 2006; Wu et al. 2016). Tatsachlich zeigten
heterozygote NRG17* Mause eine stark reduzierte Myelinisierung und eine Desorganisation von
auditorischen Nervenfasern in der Cochlea (Paper 1, Abb.10). Da dieser Phanotyp, wenn auch
in abgeschwachter Form, den Veranderungen in BACE1” Mausen glich, deuteten diese
Ergebnisse darauf hin, dass NRG1 tatsdchlich ein fiir die Myelinisierung und die Organisation
auditorischer Nervenfasern essentielles Substrat von BACEL1 in der Cochlea darstellt.

Der Horverlust in BACE1” Mausen legt nahe, dass es bei der Behandlung von Alzheimer mit
BACE1-Inhibitoren zu einer Verringerung der Horleistung kommen konnte. Deswegen haben wir
adulte Mause fur sechs Wochen mit dem BACE1-Inhibitor NB-360 der Firma Novartis gefittert
(Neumann et al. 2015) und im Anschluss deren Horleistung im Vergleich zu nicht behandelten
Kontrolltieren untersucht. ABR-Messungen (Paper 1, Abb.8D) und immunohistochemischen
Farbungen (Paper 1, Abb.8E-H) zeigten in diesen Tieren jedoch keine Hoérminderung und auch
keinerlei pathologische Verénderungen der kochledren Nervenfasern und synaptischen
Strukturen. Des Weiteren verglich ich den zeitlichen Verlauf der Myelinisierung der
Nervenfasern in Wildtyp-Mausen mit der Entwicklung der Myelinisierung in BACE1"- Mausen
zwischen funf Tagen (P5) und 15 Tagen (P15) nach der Geburt der Tiere (Paper 1, Abb.9A). Bei
Wildtyp-Mdusen war bereits an P5-P6 eine deutliche Myelinisierung der auditorischen
Nervenfasern nachweisbar, ab P8 erstreckte sich die Myelinscheide in einigen Fasern distal bis
zur Habenula perforata und erreichte am Ende der zweiten postnatalen Woche ein ausgereiftes
Niveau. Im Gegensatz dazu zeigten BACE1” Méause erst am Ende der zweiten postnatalen Woche
eine schwache und unvollstdndige Myelinisierung der SGN-Fasern (Paper 1, Abb.9A). Somit
war die Entwicklung der Myelinisierung in der Cochlea von M&usen mit BACE1-Mangel deutlich
verzogert, und die axonale Umhillung blieb auch im Erwachsenenalter unreif. Zusammenfassend
zeigen diese Ergebnisse, dass eine therapeutische Inhibition der enzymatischen Aktivitat der
R-Sekretase BACEL in Mé&usen keinen Einfluss auf das Horvermdgen hat, da BACEL fiir die
Entwicklung und nicht fur die Aufrechterhaltung der Myelinisierung und Organisation der
auditorischer Nervenfasern im Erwachsenenalter essentiell ist.

3.2 Die molekulare Identitdt und physiologische Relevanz von K*-Kandlen innerer
Haarsinneszellen

In einem weiteren Teil meiner Arbeit habe ich Expression und physiologische Relevanz von
K*-Kanélen in Haarsinneszellen untersucht. Dazu war es in einem ersten Schritt notwendig,
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mogliche Kandidatenkanéle zu identifizieren, die in Haarsinneszellen exprimiert sein kdnnten
(siehe 3.2.1). In einem zweiten Schritt habe ich diese Kandidatenkanale im Expressionssystem
eingehend charakterisiert und experimentelle Protokolle zum Nachweis ihrer Aktivitat in
Haarsinneszellen entwickelt (siehe 3.2.2). Dann habe ich diese Strategien angewendet, um zu
prufen, ob die Kanéle in Haarsinneszellen funktionell sind (siehe 3.2.3). In Kollaboration mit
Dr. Alexandro Altoé (University of Southern California, Los Angeles) haben wir anhand von
Computersimulationen deren Rolle in Haarsinneszellen herausgearbeitet (siehe 3.2.4).

3.2.1 ldentifizierung und Nachweis mdglicher in Haarsinneszellen exprimierter
Kandidatenkanéle

Zunachst habe ich nach Mdglichkeiten gesucht, Kandle zu identifizieren, die in IHZ exprimiert
sein konnten. Hierfir habe ich in der SHIELD-Datenbank zur Verfligung gestellte
Expressionsdaten analysiert und aus einer Transkriptionsanalyse einzelner Haarsinneszellen (Liu
et al. 2014; Shen et al. 2015) Kandidatenkanéle extrahiert. Als Schwellenwert habe ich hierbei
die mRNA-Expression der K,7.4-Untereinheit festgelegt, da diese in Sinneszellen
vergleichsweise gering exprimiert ist, aber immerhin lx, in IHZ vermittelt (Oliver et al. 2003).
Diese Analyse ergab mit K,1.8, K,3.3, Ky11.1 und K,12.1 vier mdgliche Kandidaten in IHZ
(Paper 5, Supplement 2). Darunter befinden sich mit K,11.1 und K,12.1 zwei Mitglieder der
ether-a-gogo (EAG)-Superfamilie. Im Gegensatz zu den K,11.1-Kanélen, welche eine wichtige
Rolle bei der Repolarisation von Aktionspotentialen im Herzen (Ik:) spielen (Curran et al. 1995;
Sanguinetti et al. 1995) und auch im auditorischen Hirnstamm exprimiert sind (Hardman and
Forsythe 2009), ist die physiologische Relevanz von K,12.1-Kanélen bisher unbekannt. In
auditorischen Haarsinneszellen sind beide bisher nicht untersucht worden. Ebenso wenig ist iber
die mogliche Rolle von K,3.3- und K,1.8-Untereinheiten in Haarsinneszellen bekannt. Immerhin
konnte aber kiirzlich gezeigt werden, dass K,1.8 knock-out Méause einen leichten Horverlust
entwickeln, was zumindest darauf hinweist, dass diese Kanale wichtig flir das auditorische
System sein konnten (Lee et al. 2013). Um die Verlasslichkeit des Kandidatenansatzes zu
Uberprifen, sollte deswegen in einem ersten Schritt das VVorhandensein der Kanale im Corti“schen
Organ dberprift werden. Mittels der Reverse-Transkriptase-Polymerase-Kettenreaktion
(RT PCR) konnte ich tatsachlich mRNA der Kandidatenkanédle K,1.8, K,11.1 und K,12.1 in
Lysaten der gesamten Cochlea nachweisen (Paper 5, Abb.2A, 31, 4G).

Immunhistochemische Untersuchungen mit spezifischen Antikérpern in Wildtyp-Ma&usen und in
Méausen mit haarzellspezifischer Deletion des codierenden Kcnh2 Gens (Kcnh2HC” Méuse)
zeigten, dass K,11.1-Untereinheiten tatsachlich stark in der Zellmembran von IHZ exprimiert sind
(Paper 5, Abb.2B). AuRerdem konnte ich in elektrophysiologischen Experimenten zeigen, dass
Ky11.1-Kanéle in IHZ auch funktionell vorkommen: Denn die extrazellulare Applikation von
E 4031, einem spezifischen Antagonisten von Ky11-Kanélen (Trudeau et al. 1995), fuhrte zu einer
signifikanten Inhibition von K*-Strémen in IHZ und zur Depolarisation des Membranpotentials
(Paper 5, Abb.2C+E). AuRerdem entsprachen die biophysikalischen Eigenschaften des
E-4031-sensitiven Haarzellstroms exakt den Charakteristika von rekombinanten K,11.1-Kanélen
(Paper 5, Abb.2F-1). Da diese E-4301-sensitiven Strome sowie auch die E-4031-abhéngige
Depolarisation in IHZ aus Kcnh2"¢” Mausen komplett fehlten (Paper 5, Abb.2D+E,
Supplement 3C-F), zeigen diese Daten, dass Ky11.1-Untereinheiten bedeutende Stréme in IHZ
vermitteln.
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3.2.2  Elektrophysiologische  und  pharmakologische = Charakterisierung  der
Kandidatenkanale im heterologen Expressionssystem

Da fiir die tbrigen Kandidatenkanalen Ky1.8 und K,12.1 keine spezifischen Antikorper erhaltlich
sind (vgl. Paper 5, Supplement 5L), konnte die Expression dieser Untereinheiten nicht mit
immunhistochemischen Methoden untersucht werden. AuRerdem sind bisher keine spezifischen
Inhibitoren zur pharmakologischen Isolation maéglicher Ky1.8- oder K,12.1-vermittelter Strome
bekannt. Deswegen war es notwendig, eindeutige Eigenschaften dieser Kanéle zu identifizieren,
Uber die sich Strome in den Haarsinneszellen eindeutig diesen Kandidatenkanalen zuweisen
lassen. Daher habe ich zunédchst mittels Whole-Cell-Patch-Clamp die biophysikalischen und
pharmakologischen Eigenschaften des K,12.1-Kanals in ,,Chinese hamster ovary cells"
(CHO-Zellen) untersucht.

Das erste Augenmerk habe ich dabei auf die spannungsabhangige Aktivierung des Ky12.1-Kanals
gelegt, die durch den sogenannten ,,mode shift of activation* (auch pre-pulse facilitation oder
voltage-dependent potentiation genannt (Dai and Zagotta 2017; Li et al. 2015)) bestimmt wird.
Diese biophysikalische Eigenschaft ist durch eine Verschiebung der Spannungsabhangigkeit zu
hyperpolarisierten Potentialen als Reaktion auf einen depolarisierten Vorpuls gekennzeichnet
(Villalba-Galea 2017). Abhédngig vom angelegten Haltepotential (conditioning potential) variiert
somit die Spannungsabhéngigkeit des Kanals. Um diese spezielle Eigenschaft von
Kv12.1-Kandlen fir den Nachweis in Haarsinneszellen nutzen zu koénnen, war es daher
notwendig, den mode shift von K,12.1-Kandlen zundchst im Expressionssystem genau zu
charakterisieren. Humane K,12.1-Kanile zeigten im heterologen Expressionssystem einen
signifikanten spannungsabh&ngigen mode shift als Antwort auf ein depolarisierendes
Haltepotential, der sich durch eine verlangsamte Kanaldeaktivierung und durch eine
Verschiebung der Spannungsabhéngigkeit zu hyperpolarisierten Potentialen manifestierte. Ein
maximaler mode shift konnte unter Verwendung verschiedener Spannungsprotokolle
(mode shiftmax: Haltepotential: -60 mV und 0 mV) induziert werden, wobei das Ausmal des
mode shift mit der Dauer des angelegten depolarisierenden Potentials zwischen dem
Haltepotential anstieg (Paper 2, Abb.1). Weitere Experimente zeigten, dass ein derartiges
Verhalten keine exklusive Eigenschaft des K,12.1-Kanals ist: Auch die anderen
Kandidatenkanéle, der K,11.1 (Paper 2, Abb.2B) (Goodchild et al. 2015; Piper et al. 2003; Tan
et al. 2012) und der K,1.8 (Daten nicht veroffentlicht), zeigten ebenfalls einen
spannungsabhéngigen mode shift.

Als  Né&chstes untersuchte ich die Regulation von K,12.1-Kandlen durch
Phosphatidylinositol-4,5-bisphosphat (P1(4,5)P.) (Paper 3), was ein essentieller Co-Faktor von
vielen lonenkanélen ist (Suh and Hille 2008). Diese Experimente zeigten, dass humane
Kv12.1-Kandle unempfindlich gegeniiber Depletion von Phospholipiden waren (Paper 3,
Abb.2+3), weswegen sich dessen Phospholipidabhéngigkeit nicht dazu eignete,
Ky12.1-vermittelte Strome in Haarsinneszellen zu identifizieren. Der néchste Schritt war dann die
Erstellung eines pharmakologischen Profils von K,12.1. Dazu analysierte ich die Wirkung einer
Reihe von nicht selektiven K*-Kanal-Blockern (Tetraethylammonium (TEA); 4-Aminopyridin
(4-AP); Chinin) und spezifischen Inhibitoren (E-4031; XE991) sowie Aktivatoren (NS1643) auf
rekombinante K,12.1-Kanéle (und die tbrigen Kandidatenkanale). Im Expressionssystem waren
Kv12.1- (Paper 2, Supplement 2; Paper 5, Supplement 5D+E+H), wie auch K,1.8-Kandle
(Paper 5, Supplement 4D+E+1) véllig insensitiv gegeniber TEA und XE991. Das ist von
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Bedeutung, da TEA (5 mM) und XE991 (10 uM) zur Inhibition der BKca-Kanal-vermittelten I ¢
und der K,7.4-vermittelten Ix,, Komponente in IHZ und damit zur Isolation von Ik eingesetzt
werden (Kros and Crawford 1990; Oliver et al. 2003).

Chinin wird als Antimalariamittel und Antiarrhythmikum eingesetzt und inhibiert K,11.1-Kanéale
im mikromolaren Bereich (Sanchez-Chapula et al. 2003) (Paper 4, Abb.2). Da K\11.1, wie auch
Kv12.1-Kanale, der EAG-Superfamilie zugeordnet werden, lag es nahe zu vermuten, dass auch
Ky12.1-Kanale sensitiv gegenlber der Substanz sind. Ich konnte zeigen, dass Chinin zwar
rekombinante K,12.1-Kanéle ebenso wie Ky11.1-Kanale hemmt, jedoch die Chinin-Affinitét der
Ky12.1-Kanale 10-fach niedriger als die von K,11.1 ist (Paper 4, vgl. Abb.1A und Abb2A). Im
Gegensatz zu K,11.1 inhibierte Chinin K,12.1 weitgehend spannungsunabhangig und induzierte
eine Kanaloffnung fur K,12.1 bei depolarisierten Potentialen (Paper 4, Abb.1D+l). Diese
Ergebnisse zeigten, dass sich die Sensitivitat und die Wirkung von Chinin trotz der nahen
Verwandtschaft zwischen K,11.1 und K,12.1 deutlich unterscheiden. Der Austausch eines
Histidins (H) an Position 462 von K,12.1 mit einem Tyrosin (), wie es bei K,11.1-Kandlen an
der entsprechenden Aminosdureposition (Y652) steht (Paper 4, Abb. 3A), fihrte zu einer
drastischen Verénderung der Chinin-Sensitivitat der mutierten K,12.1(H462Y)-Kanale (Paper 4,
Abb.4). Tatséchlich war die Sensitivitat und die Wirkung von Chinin auf K,12.1(H462Y)-Kanale
fast identisch zu K,11.1, was zeigte, dass eben diese Aminosaureposition (462 in K,12.1 und 652
in K,11.1) die Chinin-Affinitdt und die molekularen Mechanismen der Chinin-abhangigen
Inhibition in der EAG-Superfamilie bedingt. Die generelle Architektur dieser Kanéle ist
dementsprechend zwar &hnlich, es bestehen aber doch bedeutende Unterschiede in den
Bindetaschen fur Inhibitoren (Paper 4).

In weiteren pharmakologischen Experimenten konnte ich daruber hinaus zeigen, dass sich das
pharmakologische Profil der nahe verwandten K,11.1- und K,12.1-Kanéle noch bedeutender
unterscheidet: NS1643, ein bekannter Agonist der K,11-Kanalfamilie (Casis et al. 2006) (Paper
2, Abb.5A-C), fuhrte ndmlich zu einer vollstdndigen Inhibition K,12.1-vermittelter Strome
(Paper 2, Abb.5A-D; Paper 5, Supplement 5G+H), sowie auch zur vollstdndigen Inhibition
von K,1.8-Kandlen (Paper 5, Supplement 4G+l). Im Gegensatz dazu induzierte 4-AP, ein
generell nicht-selektiver Inhibitor von K*-Kanélen, (fur Inhibition von K,11.1 siehe Paper 2,
Supplement 3A-C und fiir Ky1.8 siehe (Lang et al. 2000) und Paper 5, Supplement 4F+1) eine
signifikante Aktivierung von K,12.1-Kanélen (Paper 2, Abb.3A-D; Paper 5, Supplement
5F+H+1). Das bedeutet, dass es sich bei 4-AP um einen potenten Aktivator von K,12.1-Kandlen
handelt. In diesen Experimenten ist es mir gelungen, charakteristische biophysikalische und
pharmakologische Eigenschaften von K,12.1-Kandlen zu identifizieren; dazu z&hlen der
spannungsabhéngige mode shift, die 4-AP-induzierte Aktivierung und die NS1643-abhéngige
Inhibition dieser Kandle. Diese charakteristischen Eigenschaften sollten sich dazu nutzen lassen,
die potenzielle Aktivitat von K,12.1-Kandlen in IHZ nachzuweisen. Um die Anwendbarkeit des
Ansatzes im Expressionssystem zu tberpriifen, habe ich zunéchst eine Kombination neuronaler
K*-Kanaluntereinheiten (K,11.1, K,7.2, K,7.3 und Kir2.1) in CHO-Zellen tberexprimiert. In
diesen Zellen konnte ich tatséchlich die etablierten K,12.1-typischen Eigenschaften klar
darstellen und somit die Aktivitat von K,12.1-Kanélen in diesem Mix von K*-Stromen eindeutig
zeigen (Paper 2, Abb.6). Diese Experimente ermdoglichten es mir, im ndchsten Schritt zu
untersuchen, ob K,12.1-Kanéle in auditorischen IHZ aktiv sind.
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3.2.3 K18, Ky11.1 und K,12.1 sind die molekulare Grundlage von Iks in inneren
Haarsinneszellen

Um zu Gberprifen, ob neben Ky11.1-Kandlen (siehe 3.2.1) auch die Kandidatenkandle K,1.8 und
Kv12.1 in IHZ funktionell sind, habe ich elektrophysiologische Messungen an IHZ der Maus im
Whole-Cell-Patch-Clamp-Modus durchgefuhrt. In diesen Experimenten fand ich eindeutige
Hinweise darauf, dass sowohl K,1.8- als auch K,12.1-Kandle in IHZ aktiv sind: Zum einen
identifizierte ich  eine  Stromkomponente in  IHZ, deren  biophysikalische
(Spannungsabhéngigkeit) und pharmakologische (Inhibition durch 4-AP) Eigenschaften fast
ident zu den Charakteristika heterolog exprimierter K,1.8-Kanaluntereinheiten waren, deren
genetische Information ich aus der Cochlea klonieren konnte (Paper 5, Abb.3E-1; Supplement
4F+1). Dies identifizierte eindeutig K,1.8-Kanale in IHZ; dafiir spricht auch, dass kurzlich mittels
eines R-Galaktosidase-Assays gezeigt wurde, dass diese Kanile in IHZ und AHZ exprimiert sind
(Lee et al. 2013).

Zum anderen fiihrte die extrazelluldare Applikation von 4-AP, neben der Inhibition des durch
K,1.8-vermittelten  Auswartsstroms, zu einer signifikanten  Hyperpolarisation des
Membranpotentials (Paper 5, Abb.4A+B), und zur Aktivierung eines K*-Stroms bei
hyperpolarisierten Membranpotentialen (Paper 5, Abb.4C). Diese Eigenschaften stimmen mit
den beschriebenen Charakteristika der rekombinanten K,12.1-Kanéle (iberein (siehe 3.2.2; Paper
2). Dieselbe Stromkomponente wurde auch durch NS1643 inhibiert (Paper 5, Supplement
6A-C), d.h. auch die NS1643-Sensitivitdt dieses IHZ-Stroms spiegelt die besonderen
Eigenschaften von rekombinanten K,12.1-Kanélen wider. Ebenso lie sich mit denselben
Spannungsprotokollen, die ich im Expressionssystem entwickelt hatte (siehe 3.2.2), auch in IHZ
ein mode shift von K*-Kandlen nachweisen (Paper 5, Abb.5D+E). Die Ubereinstimmenden
Eigenschaften der IHZ Stromkomponente zu den rekombinanten Kanélen lieferten demnach
iberzeugende Hinweise darauf, dass sowohl K,1.8- wie auch K,12.1-Kanale in IHZ exprimiert
und aktiv sind (Paper 5).

3.2.4 Eine Kombination spannungsaktivierter K*-Strome optimiert das Antwortverhalten
von inneren Haarsinneszellen

Meine Ergebnisse zeigen, dass IHZ neben den bereits bekannten K,7.4- und BKc.-Kanélen noch
funktionelle K,1.8-, K\11.1- und K,12.1-Kanéle exprimieren und somit also mindestens fiinf
verschiedene K*-Kanalkomponenten besitzen. Dariiber hinaus konnte ich zeigen, dass in IHZ der
Maus K,7.4-Kanaluntereinheiten sogar zwei Stromkomponenten mit unterschiedlichen
Eigenschaften in IHZ vermitteln (Paper 5; Abb.1F+G). Zum einen eine eher kleine negativ
aktivierende Stromkomponente mit den Charakteristika von Ik, (Marcotti et al. 2003; Oliver et
al. 2003) und zum anderen eine grofRere Komponente, die bei eher positiveren Potentialen
aktiviert und zuvor in apikalen IHZ von Rennmdusen (Gerbil) beschrieben wurde (Johnson 2015).
Die physiologische Relevanz dieser IHZ-K*-Strome analysierten wir in Kooperation mit Dr.
Alexandro Altoe anhand von Computersimulationen. Hierzu hat Dr. Altoé ein kirzlich
verdffentlichtes Computermodell von IHZ (Altoe et al. 2018) um die sechs K*-Leitfahigkeiten
erweitert, deren Eigenschaften ich in meinen Messungen ermitteln konnte (Paper 5, Abb.6+7).
Dieses Modell erlaubte es uns, die Relevanz der K*-Leitfahigkeiten fiir das Antwortverhalten,
d.h. die Rezeptorpotentiale, der IHZ in Folge simulierter Schallstimulation (sinusoidale
Auslenkung des Haarbiindels) zu untersuchen. Hierzu verglichen wir das Antwortverhalten der
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IHZ in einem ,,nativen Modell* (einschlieBlich aller Leitfdhigkeiten) mit Simulationen, in denen
die spannungsabhéngige Aktivitat einzelner K*-Stréme spezifisch entfernt werden konnten. Das
native Modell ergab ein Ruhepotential von -53 mV (Paper 5, Supplement 7D) und eine
Membranzeitkonstante von 0,24 ms, also Werte, die auBerordentlich gut zu publizierten in-vivo
Werten fur IHZ passen (Johnson 2015; Johnson et al. 2011). Die Simulation zeigte weiterhin,
dass alle K*-Kanéle unter Ruhebedingungen und wahrend der (Schall-) Stimulation aktiv sind
und somit das elektrische Antwortverhalten der IHZ effektiv beeinflussen kénnen (Paper 5,
Abb.6D-F). Tatséchlich zeigten die Modelle, dass die Expression aller K*-Kanéle zusammen
(v.a. BKca, Ky1.8 und die positiv aktivierende K,7.4-Komponente) den Frequenzbereich, den das
Rezeptorpotential einer IHZ abbilden kann, um eine Oktave erhéht (Paper 5, Abb.7B+C).
Aufllerdem fanden wir anhand der Simulationen heraus, dass die Expression des nativen
Repertoires aller sechs K*-Leitfahigkeiten es IHZ ermdglicht, einen um etwa 20 dB groReren
Lautstarkebereich zu kodieren (Paper 5, Abb.7D+E).

Zusammenfassend konnte also der beschriebene hypothesengetriebenen Kandidatenansatz zur
Identifizierung der in IHZ exprimierten K*-Kandle genutzt werden, um daraus ein
biophysikalisches Modell von IHZ zu entwickeln, welches es schlussendlich erlaubte, die
physiologische Relevanz dieser Kandle zu ermitteln. Unsere Ergebnisse zeigen, dass IHZ
mindestens sechs unabhéangige K*-Leitfahigkeiten (Ixs (BKca), Ik (Kv7.4) und Ik s (Ky1.8, Ky11.1,
Ky12.1 und positiv aktivierender K7.4)) mit unterschiedlichen biophysikalischen Eigenschaften
exprimieren, welche die Kodierung (Verarbeitung) komplexer auditorischer Informationen (d.h.
Frequenz und Lautstarke) in IHZ synergistisch optimieren. Im Gegensatz dazu sind IHZ mit
weniger Kanalpopulation limitiert darin komplexe Schallereignisse zu verarbeiten und kdnnen
nur Frequenz oder Lautstérke halbwegs prazise darstellen. Das K*-Kanalrepertoire stellt also eine
evolutionare Anpassung dar, die sensitives Horen ermdglicht

15



DISKUSSION

4. Diskussion
4.1 BACE1-defiziente Mause zeigen sensorineuralen Horverlust

BACEL1 ist eine Protease die in der Alzheimer-Krankheit eine entscheidende Rolle bei der Bildung
von neurotoxischen AR-Plaques spielt, da sie den ersten Schritt der proteolytischen Spaltung des
Amyloid-Vorlaufer (Precursor)-Proteins (APP) vermittelt (Haass and Selkoe 1993). Die
Hemmung von BACE1 und damit der AR-Produktion stellt daher eine vielversprechende
therapeutische Intervention gegen die Alzheimer-Krankheit dar. Unabhangig von der Rolle des
Enzyms in der Entstehung der Erkrankung, sind mittlerweile (iber 60 naturliche Substrate von
BACE1 bekannt (Hemming et al. 2009). Das legt nahe, dass die Hemmung von BACEL1 bei der
Behandlung zu schwerwiegenden Nebenwirkungen flihren kann, da durch die pharmakologische
Intervention auch die physiologischen Funktionen von BACEL unterbunden werden. Tatséchlich
mussten friihere klinische Studien mit BACEL-Inhibitoren wegen des Auftretens von toxischen
Nebeneffekten in der Retina, der Leber und dem Gefalsystems vorzeitig beendet werden, und die
Gabe eines Inhibitors fuhrte beunruhigender Weise sogar zur Verringerung des Gehirnvolumens
in Patienten (Das and Yan 2019). Allein schon um die méglichen Nebenwirkungen der Therapie
der Alzheimer-Erkrankung abschétzen zu kdnnen, ist es essentiell, die physiologischen Aufgaben
von BACEL1 zu kennen. Als besonders hilfreich haben sich bei der Suche nach physiologischen
Funktionen des Enzyms BACE1"- Mause erwiesen, in denen das Enzym genetisch ausgeschalten
worden ist (Dominguez et al. 2005).

In meiner Doktorarbeit ist es mir anhand dieses Mausmodells gelungen, erstmals zu zeigen, dass
BACEL1 essentiell fiir sensitives Horen ist. Wir konnten bei BACE1”- Mausen einen Horverlust
und eine verringerte Funktion des Corti’schen Organs des Innenohres nachweisen. Da kiirzlich
gezeigt wurde, dass BACEL1 als 3-Untereinheit die Funktion von K,7-Kanélen auf direkte, nicht-
enzymatische Weise moduliert (Agsten et al. 2015; Hessler et al. 2015; Lehnert et al. 2016),
vermuteten wir anfanglich, dass BACE1 in AHZ zusammen mit K,7.4 die besonderen
Eigenschaften von Ik, hervorbringt. Daraus ergab sich auch die Arbeitshypothese, dass in
Analogie zu Kcng4” Mausen, die genetische Deletion von BACEL durch den Verlust des Ik
Stroms in den Haarsinneszellen zum Horverlust fiihrt. Diese Hypothese konnte ich jedoch
aufgrund dreier Beobachtungen widerlegen: Erstens fand ich keine Hinweise auf eine Expression
von BACEL in Haarsinneszellen. Zweitens war die Expression von K,7.4-Kanilen in den AHZ
von BACE1" Méausen unverandert. Und drittens war die Physiologie von Haarsinneszellen in den
BACE1" Méausen vollig normal (Dierich et al. 2019 (a)).

In meiner Arbeit ist es mir aber gelungen, die Ursache fur den Horverlust der BACE1-defizienten
Tieren zu identifizieren. Die Expression von BACEL ist ndmlich fir eine normale
Nervenfaserarchitektur, Myelinisierung und organisierte synaptische Verbindungen zwischen
IHZ und den auditorischen Nervenfasern, und somit flr sensitives Horen essentiell. Aufgrund der
Hypomyelinisierung und der desorganisierten synaptischen Verbindungen zwischen IHZ und den
auditorischen Nervenfasern liegt der Grund fiir die Schwerhdrigkeit der BACE1” Mause klar in
der Cochlea. Hier kommt es direkt bei der ersten Verschaltung von Haarsinneszelle auf die
Nervenfasern zu einer fehlerhaften Signaliibertragung, was sich in der Verringerung der
Amplitude und einer Verldngerung der Latenzzeit der Welle 1 in den ABR-Messungen
widerspiegelt. Ausgeschlossen ist aber hiermit nicht, dass das Fehlen von BACEL nicht auch
Auswirkungen auf hoéhere Hirnareale hat und es dadurch zu einer fehlerhaften neuronalen
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Verarbeitung und schliellich Wahrnehmung des Reizes kommt, der Horverlust entsteht aber auf
jeden Fall bereits in der Cochlea (Dierich et al. 2019 (a)).

NRG1 ist ein bekanntes BACE1-Substrat, das bei der Myelinisierung von peripheren und
zentralen Axonen, sowie bei dem korrekten Auswachsen von Neuriten eine wichtige Rolle spielt
(Sherman and Brophy 2005; Wu et al. 2016). Nach der Spaltung von NRG1 bindet dessen
N-Terminus an ErbB-Rezeptoren, was fur die Myelinisierung peripherer Nervenzellen von
Bedeutung ist (Hu et al. 2016). In der Cochlea ist NRG1 genauso wie BACEL in SGN exprimiert
(Hansen et al. 2001; Stankovic 2004) und steuert Uber ErbB-Rezeptoren der Schwannzellen die
Entwicklung, die Aufrechterhaltung und méglicherweise die Regeneration des Hornervs (Hansen
et al. 2001). Ich konnte anhand von heterozygoten NRG17* Mause zeigen, die genauso wie
BACE1" Mause eine reduzierte Myelinisierung und eine Desorganisation von auditorischen
Nervenfasern in der Cochlea aufweisen, dass NRG1 wahrscheinlich ein wichtiges Substrat von
BACE1 in der Cochlea darstellt. Somit ist die Beeintrachtigung dieses NRG1-ErbB-Signalwegs
wahrscheinlich einer der hauptsachlichen Griinde fur den Myelinisierungsdefekt in den
BACE1" Mausen (Dierich et al. 2019 (a)).

Ein weiteres interessantes Substrat von BACEL ist das Zelladhasionsmolekul close homolog of
L1 (CHL1), das beim Auswachsen von Neuriten eine Rolle spielt (Hitt et al. 2012). Tatséchlich
konnten in CHL1-defizienten Mausen unorganisierte und falsch ausgerichtete Axone im
Hippocampus (Hitt et al. 2012; Ou-Yang et al. 2018) und im Riechkolben (olfactory bulb) (Cao
et al. 2012; Rajapaksha et al. 2011) festgestellt werden, die stark an die axonalen Fehlbildungen
und die vergroRerten Neuriten in der IHZ-Region von BACE1” Mausen erinnern. So wie NRG1
wird auch CHL1 durch BACEL prozessiert und aktiviert dann (ber eine nachgeschaltete
Signalkaskade Semaphorin 3A (Baréo et al. 2015), das flir das Auswachsen und die Verzweigung
von Neuriten kortikaler Neurone von Bedeutung ist (Bardo et al. 2015). Da Semaphorin 3A auch
malf3geblich an der Zielfindung von Axonen in der Cochlea beteiligt ist (Chilton and Guthrie 2003;
Lu et al. 2011), kénnte also CHL1 ebenfalls ein Substrat von BACEL in der Cochlea darstellen.
Die Relevanz des CHL1-Semaphorin 3A-Signalweges in der Cochlea muss aber erst naher
untersucht werden.

Interessanterweise zeigten BACE1”- Méause auch reduzierte OAE, was auf eine eingeschrankte
Funktion der AHZ hinweist. Die Ursache hierfir konnten ich aber leider nicht aufklaren, da die
Physiologie dieser Sinneszellen in-vitro vollkommen normal war. Mdglicherweise ist aber in den
BACE1" Mausen auch die Funktion von efferenten olivo-kochledren Neuronen verandert, in
deren Nervenendigungen BACEZ1 ebenfalls stark exprimiert ist. So kann es hier durch den Verlust
von BACEl zur \verstdrkten efferenten Hemmung durch den olivo-kochledren
Riickkopplungsmechanismus kommen, weswegen die Aktivitat der AHZ zumindest in-vivo
dauerhaft vermindert sein kdnnte. Fir die Prifung dieser Hypothese werden jedoch kinftige
Studien erforderlich sein.

Hinsichtlich der geplanten Verabreichung von BACE1-Inhibitoren zur Vorbeugung und
Behandlung von Alzheimer, war es wichtig festzustellen, ob diese Medikamente Auswirkungen
auf das HoOrvermdgen haben konnen. Daher fiitterten wir Wildtyp-Mé&use mit dem
BACE1-Inhibitor NB-360 in einer Dosierung und Uber einen Zeitraum, der fir die Inhibition von
BACEL im Gehirn ausreicht (Keskin et al. 2017). Bei diesen Mdausen konnten wir keine
Hordefizite oder neuropathologische Anomalien in der Cochlea feststellen. Das liegt
wahrscheinlich daran, dass - wie meine Daten ebenfalls zeigen - BACEL zumindest in Mdausen
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fur die Entwicklung der Myelinisierung der auditorischen Nervenfasern, nicht aber flr die
Aufrechterhaltung der Myelinisierung im Erwachsenenalter essentiell ist. Somit hat die Inhibition
der enzymatischen Aktivitdit von BACE1 in adulten Mausen, in denen die Entwicklung
abgeschlossen ist, offensichtlich keinerlei Auswirkungen mehr auf das Horvermdogen (Dierich et
al. 2019 (a)). Ob sich diese Beobachtungen allerdings direkt auf den Menschen (ibertragen lassen,
welche moglicherweise Uber Jahrzehnte medikamentds behandelt werden missten, gilt es zu
untersuchen. Bis diese Frage gekléart ist, sollten Kklinische Studien mit BACE1-Inhibitoren auf
jeden Fall regelméaRige Hortests in Betracht ziehen.

4.2 ldentifizierung der Iks Komponente in inneren Haarsinneszellen

IHZ wandeln schallinduzierte Schwingungen in Rezeptorpotentiale um, die die synaptische
Ubertragung antreiben und die Horinformationen mit bemerkenswerter Geschwindigkeit und
Prézision verlasslich an das Gehirn weiterleiten. Um die Schallqualitaten prazise zu kodieren,
werden die Rezeptorpotentiale durch basolaterale K*-Strome moduliert, die die biophysikalischen
Eigenschaften der Zellmembran determinieren; in IHZ sind das die drei spannungsabhéngige
K*-Leitfahigkeiten ks, lkn und lks. Trotz der enormen Relevanz der Kaliumstrome fir die
Physiologie der Sinneszellen war die molekulare Identitat der lonenkanéle, die diese drei
Haarzellstréme hervorbringen, nicht véllig aufgeklart. In meiner Arbeit konnte ich erstmalig
zeigen, dass die Ik s Komponente in IHZ von mindestens drei spannungsabhangigen K*-Kanélen,
namlich von K,11.1-, K,1.8- und K,12.1-Kanaluntereinheiten, hervorgebracht wird (Dierich et
al. 2020).

Die Identifizierung dieser lonenkandle basierte auf der Auswahl von Kandidaten-Kanélen, die wir
aus der SHIELD-Datenbank zur Transkriptionsanalyse einzelner Haarsinneszellen extrahieren
konnten (Liu et al. 2014; Shen et al. 2015). Die Gangbarkeit dieser Kandidaten-Strategie wurde
dadurch bestéatigt, dass diese Datensétze auch die Expression von K,7.4- und BKcs-Kanélen
bestétigen, die bekanntermalRen die IHZ-Stréme Ik n bzw. Ik s vermitteln (Kharkovets et al. 2006;
Rattiger et al. 2004; Thurm et al. 2005). Ich validierte die Expression der Kandidaten in der
Cochlea mittels PCR-Techniken und fir K,11.1-Kanale auch mit spezifischen Antikérpern und
Haarsinneszell-spezifischen knock-out Kontrollen. Im Gegensatz zu K,1.8- und K,12.1- sind
Ky11.1-Kanale biophysikalisch und pharmakologisch auRerordentlich gut charakterisiert. Das
liegt hauptsachlich an deren wichtiger Rolle bei der Repolarisation von Aktionspotentialen im
Herzen (lk,) sowie daran, dass Mutationen (Curran et al. 1995), wie auch die pharmakologische
Hemmung (Sanguinetti et al. 1995; Trudeau et al. 1995) dieser Kandle zu
Torsade-de-pointes-Tachykardie fiihren, die sich als Kammerflimmern bis hin zum plétzlichen
Herztod &uBern kénnen (Curran et al. 1995; Sanguinetti et al. 1995; Trudeau et al. 1995).
Experimente mit dem spezifischen K,11-Kanalantagonisten E-4031 (Trudeau et al. 1995) in IHZ
von Wildtypen und Haarzell-spezifischen Kcnh2 knock-out Mé&usen zeigten eindeutig, dass
Kv11.1-Untereinheiten in IHZ funktionell exprimiert und beim Ruhepotential dieser Sinneszellen
aktiv sind (Dierich et al. 2020). Der bereits erbrachte elektronenmikroskopische Nachweis von
Ky11.1-Kanalen in Haarsinneszellen (Nie et al. 2005) bestatigt diese Ergebnisse.

Die mRNA von K,1.8-Kandlen habe ich aus der Cochlea kloniert, um biophysikalische
Charakteristika zu bestimmen und ein pharmakologisches Profil von rekombinanten
K.1.8-Kandlen zu erheben. Die Eigenschaften rekombinanter K,1.8-Kandle stimmen dabei (fast)
exakt mit einer 4-AP-inhibierten Stromkomponente in IHZ (iberein. Zur Expression in IHZ passt
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auch, dass kirzlich gezeigt wurde, dass Ky1.8-defiziente Méuse eine leicht erhdhte Hérschwelle
(etwa 5-8 dB) und eine verlangerte Latenzzeit der Ubertragung zwischen den IHZ und den SGN
aufweisen (Lee et al. 2013). Zusammengenommen sind das starke Hinweise darauf, dass auch
Kv1.8-Kandle in IHZ exprimiert und aktiv sind.

Kv12-Kandle gehoren wie K,10 und K,11 zur EAG-Superfamilie. Im Gegensatz zu den
Kv11.1-Kanélen stehen jedoch nur wenig Informationen zur physiologischen Relevanz der drei
Ky12.1-K,12.3 Kanéle zur Verfligung (Engeland et al. 1998; Zou et al. 2003). Es ist zwar bekannt,
dass K,12.2-Kanéle die Erregbarkeit in pyramidalen Hippocampusneuronen von Mausen
regulieren (Zhang et al. 2010), bisher konnten jedoch K,12.1- und K,12.3-Untereinheiten
aufgrund fehlender Mausmodelle und spezifischer pharmakologischer Hilfsmittel keine nativen
Stromkomponenten zugeordnet werden. Der Nachweis méglicher K,12.1-vermittelter Stréme in
IHZ hing daher entscheidend von der Identifizierung eindeutiger biophysikalischer und
pharmakologischer Eigenschaften ab. In Analogie konnten so zuvor beispielsweise die eng
verwandten K,10- und K,11-Kanélen anhand ihrer einzigartigen Aktivierungskinetik (Meyer and
Heinemann 1998) oder ihrer exklusiven Na*-Sensitivitdt und Pharmakologie (Hardman and
Forsythe 2009; Hirdes et al. 2005, 2009) in nativem Gewebe identifiziert werden.

In meiner Doktorarbeit habe ich zundchst nach Eigenschaften von rekombinanten
Ky12.1-Kanalen gesucht, tber die sich diese in IHZ nachweisen lassen (Dierich et al. 2018;
Dierich et al. 2019 (b); Dierich and Leitner 2018). Obwohl die Gesamtarchitektur von K,11.1-
und Ky12.1-Kanélen dhnlich ist, konnte ich anhand des Antimalariamittels Chinin zeigen, dass es
aufgrund einer einzelnen Anderung in der Aminosiureabfolge der Bindetaschen fiir Inhibitoren
zu einer unterschiedlichen Sensitivitdt in den evolutiondr konservierten Kandlen kommen kann
(Dierich et al. 2019 (b)). Meine Ergebnisse unterstreichen daher die funktionelle und
pharmakologische Vielfalt in dieser Gruppe von lonenkandlen. Deswegen war es auch nicht
verwunderlich, dass ich trotz der engen Verwandtschaft Unterschiede in pharmakologischen
Charakteristika von K,12.1- und Ky11.1-Kanalen feststellen konnte. So fand ich heraus, dass die
Applikation von NS1643, einem etablierten Agonisten von K,11-Kanélen (Casis et al. 2006;
Hansen et al. 2006), zur vollstandigen Inhibition von K,12.1-vermittelten Strémen im
Expressionssystem fiihrt. Des Weiteren erwies sich der nicht selektive Inhibitor von K,-Kanélen
(und auch von K,11.1 Untereinheiten) 4-AP als potenter Aktivator von K,12.1-Kanélen (Dierich
etal. 2018). Diese einzigartigen pharmakologischen Charakteristika (Aktivierung durch 4-AP und
Inhibition durch NS1643) konnte ich tatsdchlich fur eine Stromkomponente in IHZ nachweisen.
Biophysikalisch zeichnen sich humane K,12.1-Kanéle durch einen mode shift of activation aus
(Dai and Zagotta 2017; Dierich et al. 2018; Li et al. 2015). Dabei handelt es sich um ein
biophysikalisches Phanomen, das dazu flhrt, dass die Kandle als Antwort auf anhaltende
Depolarisation bei noch negativeren Membranpotentialen aktivieren; durch die Depolarisation
werden die Kandle also in einen Zustand der erhdhten Spannungssensitivitat versetzt. In meiner
Arbeit habe ich diesen spannungsabhangigen mode shift der K,12.1-Kandle erstmals eingehend
charakterisiert und ideale Messprotokolle erstellt, um den mode shift zum funktionellen Nachweis
von K,12.1 anzuwenden. Dabei fand ich heraus, dass dieser durch depolarisierte Haltepotentiale
zwischen -60 mV und 0 mV maximal ausgeschopft war und dass einige hundert Millisekunden
konditionierende Depolarisation fiir die signifikante Anderungen der Spannungsabhéngigkeit und
Kinetik ausreichend waren (Dierich et al. 2018). Diese spezielle biophysikalische Eigenschaft
konnte ich abschliefend auch in IHZ mit den dafur etablierten Messprotokollen nachweisen.
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Aulerdem konnte ich in IHZ sowohl die 4-AP-Aktivierung, wie auch die NS1643-Inhibition von
K*-Stromen zeigen. Die exklusive Kombination dieser unterschiedlichen Merkmale, zusammen
mit der Tatsache, dass mRNA von K,12.1 in IHZ exprimiert wird, liefert sehr starke Hinweise
auf die Expression von K,12.1-Kandlen in IHZ. Somit exprimieren IHZ neben den bereits
bekannten K,7.4- und BKca-Kanélen noch funktionelle K,1.8-, K\11.1- und K,12.1-Kanéle und
daher also mindestens finf verschiedene K*-Kanalkomponenten (Dierich et al. 2020).

Es ist nicht ausgeschlossen, dass es noch weitere spannungsabhéngige K*-Kanéle in IHZ gibt.
Neben den hier identifizierten K,1.8-, K,11.1- und K,12.1-Kanalen, zeigen auch K,3.3-Kanale
eine (geringe) mMRNA-Expression in IHZ (Liu et al. 2014), jedoch fanden wir keine Hinweise auf
K.3-vermittelte Strome in diesen Zellen. Ein biophysikalisches Merkmal von K,3-Kanélen ist
eine schnelle spannungsabhéangige Inaktivierung (Fernandez et al. 2003; Zhang et al. 2016), die
ich jedoch bei keinem der K*-Stréme nachweisen konnte. Des Weiteren sind K,3.3-Kanéle sehr
empfindlich gegentiber TEA und 4-AP (Fernandez et al. 2003; Zhang et al. 2016). In meinen
Experimenten inhibierten jedoch TEA und der spezifische BKca-Inhibitor IbTX genau im selben
MaR die Ikt Stromkomponente in IHZ. AuBerdem waren alle 4-AP-sensitiven K*-Stréme
unempfindlich gegenliber TEA, wurden nicht schnell inaktiviert und aktivierten bei wesentlich
negativeren Membranpotentialen als dies rekombinante K,3.3-Kanale tun, sodass es keine
Hinweise auf eine zusatzliche K,3.3-vermittelte Komponente in IHZ gibt (Dierich et al. 2020).

4.2.1 Die physiologische Relevanz der K*-Kanale in Haarsinneszellen

Meine Arbeit liefert neue Einblicke in die Physiologie von Haarsinneszellen. Aus den
Ergebnissen der biophysikalischen und funktionellen Eigenschaften der identifizierten
Haarzellstromkomponenten ergaben sich unmittelbare weitere Fragestellungen. Unter dem
Blickpunkt der Innenohr-Physiologie ist es vor allem interessant zu verstehen, warum IHZ diese
funf Kanalkomponenten exprimieren, die mindestens sechs verschiedene K*-Leitfahigkeiten
hervorbringen. Diese Fragestellung haben wir mittels Computermodellen zusammen mit
Dr. Alexandro Altoé bearbeitet. Anhand der Modelle konnten wir die Relevanz der einzelnen
Leitfahigkeiten fiir die Ausbildung der Rezeptorpotentiale in IHZ relativ einfach untersuchen.
Zusammenfassend zeigen diese Simulationen, dass die native Kanalausstattung die Kodierung
der Schallinformation durch Rezeptorpotentiale im Vergleich zu IHZ, die weniger
Kanalkomponenten exprimieren, signifikant verbessert: So kénnen IHZ, die alle K*-Kandle
exprimieren, niedrigere Schallintensitaten verarbeiten, aber auch einen gréReren dynamischen
(Lautstarke-) Bereich innerhalb desselben Rezeptorpotentialbereiches kodieren und auBerdem
auch hohere Schallfrequenzen zeitlich prézise wiedergeben. Im Gegensatz dazu sind IHZ mit
weniger K*-Kanalkomponenten in der gleichzeitigen Verarbeitung von Frequenz und Intensitét
des ankommenden Schalls limitiert. Die natlrliche Kanalausstattung der IHZ stellt also eine
evolutiondre Anpassung dar, um komplexen Schall durch vielféltige Rezeptorpotentiale zu
kodieren, wahrend "einfachere” IHZ mit weniger Kanalpopulationen mdéglicherweise darauf
beschrankt sind, nur bestimmte Aspekte (Frequenz oder Intensitdt) des eingehenden Tons
abzubilden. Da Rezeptorpotentiale in IHZ die Freisetzung von Glutamat und somit die Aktivitat
der Fasern des Hornervs steuern, erhoht die native Kanalausstattung der IHZ ebenfalls die
Sensitivitat und den Dynamikbereich des Hornervs und ist daher eine Grundlage fir das sensitive
Horvermogen von Sédugetieren (Dierich et al. 2020).Des Weiteren zeigten morphologische,
elektrophysiologische und funktionelle Untersuchungen von BKc,-defizienten Mé&usen, welchen

20



DISKUSSION

die dominierende BKcq-vermittelte Ixs Stromkomponente fehlt, dass diese Kanale zwar eine
direkte Rolle bei der Entstehung von noise-induced hearing loss (NIHL, Larmschwerhdrigkeit)
spielen, erstaunlicherweise aber nur moderate Anderungen in der Physiologie der
Haarsinneszellen bewirken und somit keine essentielle Rolle fur ein normales HOrvermogen
haben (Oliver et al. 2007; Pyott et al. 2007; Maison et al. 2013). Ahnliche Ergebnisse zeigten sich
auch bei K,1.8-defizienten M&usen (Lee et al. 2013). Diese offenbare Kompensation des Fehlens
einzelner  lonenkanal-Typen in den genetischen Mausmodellen stlitzen  unsere
Computersimulation. Insbesondere legt dies nahe, dass die verschiedenen spannungsabhéangigen
K*-Kandle ein gewisses MaB an Redundanz aufweisen, welche eine schwerwiegende
Horbeeintrachtigung durch das Fehlen nur eines Kanals verhindert.

4.3 Ausblick und Bedeutung meiner Arbeit

Erstmalig konnten K,1.8- und K,12.1-Kanélen native Stromkomponenten und damit eine
physiologische Relevanz (ndamlich fir die Verarbeitung von Schallinformation) im Innenohr
zugewiesen werden. Neben der Expression in Haarsinneszellen sind K,12.1-Kanale vorwiegend
in Neuronen verschiedenster Hirnareale exprimiert (Engeland et al. 1998; Zou et al. 2003),
wohingegen die Expression von K,1.8-Kanalen sich vom Gehirn Uber die Aorta bis hin zur Niere
und zum Herzen erstreckt (Lang et al. 2000; Tian et al. 2002; Yao et al. 2002). Meine ausfiihrliche
biophysikalische und pharmakologische Charakterisierung dieser beiden Kandle bietet nun eine
gute Grundlage flr die Identifizierung weiterer nativer Stromkomponenten, die in den genannten
Organen und Zelltypen durch diese Kanéle vermittelt werden kénnten. Meine Arbeit kann somit
dazu beitragen, die physiologische Relevanz dieser Kandle in anderen Organsystemen besser zu
verstehen. In meiner Arbeit konnte ich auch erstmals den spannungsabhé&ngigen mode shift von
K*-Kandlen in IHZ darstellen. Meine Experimente lassen zwar keine Riickschlisse daruber zu,
ob dieses Phanomen in den Sinneszellen physiologisch relevant sein kénnte, aber ich halte es fir
einen spannenden Mechanismus, ber den moglicherweise die Eigenschaften der IHZ an
anhaltende physiologische Depolarisation oder auch an eine pathophysiologisch erhéhte
Erregbarkeit (z.B. nach Larmexposition) speziell angepasst werden konnte. Es missen aber auf
jeden Fall anspruchsvolle Experimente geplant und durchgefiihrt werden, um diese Hypothese zu
tberprifen.

Spannend bleibt auch weiterhin die Suche nach dem Interaktionspartner von K,7.4, der die
biophysikalischen Eigenschaften des Stroms Ik, in AHZ bedingt. Trotz des erheblichen
Einflusses von BACEL auf die K,7-Kanalfunktion in anderen Regionen des Nervensystems
(Agsten et al. 2015; Hessler et al. 2015), halte ich aufgrund meiner Ergebnisse eine
Wechselwirkung der Proteine in Haarsinneszellen der Cochlea fur unwahrscheinlich.
Letztendlich ist demnach weitere Arbeit notwendig, um die komplexen Mechanismen zu
verstehen, welche die ultraschnelle und prézise Signalverarbeitung und die damit verbundene
enorme Sensitivitat des Corti‘schen Organs gewdhrleisten
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B-Secretase BACEL1 Is Required for Normal Cochlear Function
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Cleavage of amyloid precursor protein (APP) by B-secretase BACE1 initiates the production and accumulation of neurotoxic amyloid-3
peptides, which is widely considered an essential pathogenic mechanism in Alzheimer’s disease (AD). Here, we report that BACE1 is
essential for normal auditory function. Compared with wild-type littermates, BACE1 '~ mice of either sex exhibit significant hearing
deficits, as indicated by increased thresholds and reduced amplitudes in auditory brainstem responses (ABRs) and decreased distortion
product otoacoustic emissions (DPOAEs). Immunohistochemistry revealed aberrant synaptic organization in the cochlea and hypomy-
elination of auditory nerve fibers as predominant neuropathological substrates of hearing loss in BACE1 '~ mice. In particular, we
found that fibers of spiral ganglion neurons (SGN) close to the organ of Corti are disorganized and abnormally swollen. BACE1 deficiency
also engenders organization defects in the postsynaptic compartment of SGN fibers with ectopic overexpression of PSD95 far outside the
synaptic region. During postnatal development, auditory fiber myelination in BACE1 ~'~ mice lags behind dramatically and remains
incomplete into adulthood. We relate the marked hypomyelination to the impaired processing of Neuregulin-1 when BACE1 is absent. To
determine whether the cochlea of adult wild-type mice is susceptible to AD treatment-like suppression of BACE1, we administered the
established BACE1 inhibitor NB-360 for 6 weeks. The drug suppressed BACE1 activity in the brain, but did not impair hearing perfor-
mance and, upon neuropathological examination, did not produce the characteristic cochlear abnormalities of BACE1 ~/~ mice. To-
gether, these data strongly suggest that the hearing loss of BACE1 knock-out mice represents a developmental phenotype.

Key words: Alzheimer’s disease; auditory function; BACE1; BACEI inhibitor NB-360; BACE1 knock-out mice; Neuregulin-1
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Given its crucial role in the pathogenesis of Alzheimer’s disease (AD), BACE1 is a prime pharmacological target for AD prevention
and therapy. However, the safe and long-term administration of BACE1-inhibitors as envisioned in AD requires a comprehensive
understanding of the various physiological functions of BACEL. Here, we report that BACEL1 is essential for the processing of
auditory signals in the inner ear, as BACE1-deficient mice exhibit significant hearing loss. We relate this deficit to impaired
myelination and aberrant synapse formation in the cochlea, which manifest during postnatal development. By contrast, pro-
longed pharmacological suppression of BACEI activity in adult wild-type mice did not reproduce the hearing deficit or the
cochlear abnormalities of BACEI null mice. j
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Introduction
The amyloid precursor protein (APP), a large type I membrane
protein, can be processed along two major pathways, involving
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identification in 1999, BACE! has garnered ever-increasing at-
tention, reflecting its pivotal role in the amyloidogenic pathway
that has been closely linked to the pathogenesis of Alzheimer’s
disease (AD) (Vassar et al., 1999; Yan et al., 1999). Inhibition of
BACE]1 has therefore emerged as a prime therapeutic strategy to
reduce the load of AB in the brain (Cole and Vassar, 2007). Quite
obviously, however, producing neurotoxic substances cannot be
the main function of BACEL. In fact, BACEI turned out to be
important for the proteolytic processing of a plethora of proteins
other than APP (Kuhn et al., 2012; Zhou et al., 2012). BACE1
knock-out mice have been—and still are—instrumental to deci-
pher the numerous roles of BACEI for the proper function of
many tissues and organ systems. In general, BACE1-deficient
mice show increased mortality after birth and decreased body
weight as they mature (Dominguez et al., 2005). With respect to
the PNS and CNS, BACE1 '~ mice display a complex pheno-
type, which includes, at the behavioral level, increased locomo-
tion and ataxia, spontaneous seizures, schizophrenia-like
features and decreased thermal pain thresholds, and, at the net-
work and cellular level, neuronal hyperexcitability, aberrant syn-
aptic transmission, axon guidance defects and impaired axonal
myelination (Kandalepas and Vassar, 2014; Weber et al., 2017).
Importantly, BACEI levels are high during neuronal develop-
ment and, with few exceptions, decline with maturation (Willem
etal., 2006). Thus, the phenotypes resulting from germline Bacel
deletion might be, at least in part, attributable to the absence of
BACE1 during critical developmental periods. An important im-
plication of this notion for the pharmacological prevention and
treatment of AD may be that the administration of BACE1 inhib-
itors in aged patients should not entail major side effects.

Here, we investigated whether BACE1 is required for normal
auditory function. Our study was prompted by the finding that
Neuregulin-1, a functionally important substrate of BACEL, is
expressed in the cochlea (Morley, 1998), and by our previous
finding that BACELI interacts with KCNQ1 and KCNQ4 (Agsten
etal.,, 2015; Hessler etal., 2015), two voltage-dependent K * chan-
nels which are essential for normal hearing (Jentsch, 2000;
Maljevic et al., 2010). We found that BACE1 '~ mice exhibit
significant hearing loss and attribute the phenotype to aberrant
synaptic organization in the cochlea and hypomyelination of au-
ditory nerve fibers. We relate the hearing deficits and their neu-
ropathological underpinnings primarily to the lack of BACEL
activity during auditory development, since, in wild-type mice,
prolonged pharmacological suppression of BACEI activity with
the established inhibitor NB-360 did not engender hearing defi-
cits or morphological changes.
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Materials and Methods

Animals. BACE1"™'"* (BACE1 /) mice were generated by insertion of
a neomycin expression cassette from pMClneopA into exon 1 of the
BACEI gene, which introduces a premature translational stop codon into
the open reading frame (Dominguez et al., 2005). This strain was crossed
back on the C57BL/6] background for >10 generations. NRG1-8 mice
carry a premature stop in exon 8 of Neuregulin-1 (NrgI) which encodes
the B variant of the EGF domain, whereas the « variant remains intact.
The type IIT B NRG1 variant is essential for Schwann cell development
(Li, 2003). Homozygous NrglI-f3 mice die during embryogenesis and,
therefore, only heterozygous animals were used for experiments. Mice
had ad libitum access to food and water. Housing, feeding, breeding, and
handling of the mice were according to federal/institutional guidelines
with the approval of the local government. Mice of each sex were used for
experiments.

BACE] inhibitor treatment. Ten C57BL/6N mice (four weeks old) of
either sex were fed with food pellets containing the preclinical BACE1
inhibitor NB-360 (Novartis, Neumann et al., 2015) at a concentration of
0.3 g/kg for 6 weeks. A cohort of 10 C57BL/6N mice served as controls
and were fed with pellets of the same composition but without the
BACE1 inhibitor. C57BL/6N mice exhibit identical hearing loss profiles
as the C57BL/6] strain (Kane et al., 2012). Immediately after treatment,
auditory brainstem responses (ABR) were recorded and brains and co-
chleae were harvested and processed for analysis with SDS-PAGE/West-
ern blot and immunohistochemistry, respectively.

Brain lysates. After the ABR recordings, narcotized C57BL/6N mice
(controls and NB-360-treated) were immediately decapitated and brains
were dissected. Only one hemisphere was used for protein extraction. Per
milligrams tissue, 7 ul of Synaptic Protein Extraction Reagent (Syn-PER;
Thermo Fisher Scientific) supplemented with Complete Mini EDTA-free
protease inhibitor mixture (Roche) were added and brains were homog-
enized. Homogenates were centrifuged at 1200 X g for 10 min at 4°C and
cell debris was removed. Protein concentration was measured using the
BCA Protein Assay Kit (Pierce). Samples were prepared in Syn-PER buf-
fer, loading buffer (ProSieve ProTrack Dual Color Loading Buffer;
Lonza), and 100 mum dithiothreitol (Sigma-Aldrich). 25 ug of protein was
loaded for SDS-PAGE/Western blot.

SDS-PAGE and Western blot. Samples were heated and maintained at
95°C for 5 min. Proteins were separated in 10% TGX stain-free precast
gels (Bio-Rad) and transferred onto PVDF membranes (Bio-Rad) using a
wet blotting system (Criterion Blotter, Bio-Rad). Membranes were
blocked in 5% skim milk in TBS-T (10 mwm Tris-HCI), 150 mm NaCl and
0.1% Tween 20) for 1 h at room temperature. Primary antibodies were
diluted in TBS-T with 0.1% NaNj, and 1% BSA and incubated at 4°C
overnight. After washing in TBS-T, secondary antibodies coupled to
horseradish peroxidase (HRP) were incubated for 1 h at room tempera-
ture. Secondary antibodies were diluted in TBS-T with 5% skim milk. For
detecting contactin2 (CNTN2), primary and secondary antibody solu-
tions were prepared with 4% donkey serum instead of 1% BSA or 5%
skim milk. The signal was visualized by enhanced chemiluminescence
(ECL) using ECL Western Blotting Substrate (Bio-Rad) and imaged us-
ing the ChemoStar Imager (Intas). Membranes were stripped in 6 M
guanidine-HCl, 20 mwm Tris, 0.2% Triton X-100, pH 7.5, and 0.8%
B-mercaptoethanol for 20 min at room temperature. After blocking in
5% skim milk in TBS-T, membranes were reprobed. The antibodies used
for Western blots were goat-anti-CNTN2 (R&D Systems, AF4439),
rabbit-anti-APP (C66, directed against the C terminus, Bhattacharyya et
al., 2013), rabbit-anti-BACE1 (Abcam, ab108394), mouse-anti--actin-
HRP (Sigma-Aldrich, A3854), donkey-anti-goat-HRP (Jackson Labora-
tories, 705—035-147), and goat-anti-rabbit-HRP (Abcam, ab6721).

Auditory brainstem responses (ABRs) and otoacoustic emissions. ABRs
were recorded in two different laboratories. In the first laboratory (see
Fig. 1, lab 1) for recordings of ABR and distortion product otoacoustic
emissions (DPOAE) mice were anesthetized with a combination of ket-
amine (125 mg/kg) and xylazine (2.5 mg/kg) intraperitoneally. The core
temperature was maintained constant at 37°C using a heat blanket (Har-
vard Apparatus). For stimulus generation, presentation, and data acqui-
sition, the TDT II System (Tucker Davis Technologies) run by BioSig
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software (The MathWorks). Tone bursts (4/6/8/12/16/24/32 kHz, 10 ms
plateau, 1 ms cos2 rise/fall) or clicks of 0.03 ms were presented at 40 Hz
(tone bursts) or 20 Hz (clicks) in the free field ipsilaterally using a JBL
2402 speaker. The difference potential between vertex and mastoid sub-
dermal needles was amplified 50000 times, filtered (400—4000 Hz) and
sampled at a rate of 50 kHz for 20 ms, 1300 times, to obtain two mean
ABR traces for each sound intensity. Hearing threshold was determined
with 10 dB precision as the lowest stimulus intensity that evoked a repro-
ducible response waveform in both traces by visual inspection by two
independent observers.

In the second independent laboratory (see Fig. 1, lab 2, and Fig. 8),
ABR in anesthetized mice were recorded using a custom build recording
setup consisting of a low noise amplifier JHM NeuroAmp 401, J. Helbig
Messtechnik; amplification 10.000; band-pass filter 400 Hz to 2000 Hz
and 50 Hz notch filter) and an analog-digital converter card (National
Instruments) with a sampling rate of 20 kHz. Hearing thresholds were
determined objectively using an algorithm where data are fitted to a
generalized logistic function that was extended by an additive term rep-
resenting the measured background noise.

For recordings of DPOAEs, continuous primary tones (frequency 2 =
1.2*f1, intensity 12 = 11-10 dB SPL, duration = 16 s) were delivered
through the MF1 speaker system (Tucker Davis Technologies) and a
custom-made probe containing an MKE-2 microphone (Sennheiser).
The microphone signal was amplified (DMX 6Fire; Terratec) and the
DPOAE amplitude at 2*f2-f1 was analyzed by fast Fourier transforma-
tion using custom-written MATLAB version 3 (The MathWorks). Sound
pressure levels (SPLs) are provided in decibels SPL root mean square
(RMS, tonal stimuli) or decibels SPL peak equivalent (clicks).

Immunohistochemistry. Immunohistochemistry was performed on
formaldehyde-fixed whole-mount preparations and on formaldehyde-
fixed cochlear cryo-sections of the apical turn of the organ of Corti (if not
stated otherwise). Tissue was isolated from wild-type, and BACE1 ~/~
mice (between P35 and P45), as well as from C57BL/6N from mice fed
with pellets containing BACEL inhibitor NB-360 and the untreated
C57BL/6N control mice (P68-P77, Neumann et al., 2015). All mice were
killed through decapitation. Cochleae were removed from the temporal
bone and, after introduction of a small hole in the apical part, cochleae
were placed in 2% paraformaldehyde for 2 h at 4°C. For whole-mount
immunostaining, the apical turn of the organ of Corti was dissected and
separated from modiolus, stria vascularis and tectorial membrane. Speci-
mens were mounted on Superfrost microscope slides (Thermo Scientific,
4951PLUSA4). For cryo-sections, cochleae were decalcified in Rapid Bone
Decalcifier (Thermo Scientific, 6764001) for 15 to 25 min at room tem-
perature. After overnight incubation in 25% sucrose at 4°C, cochleae
were embedded in O.C.T. compound (Sakura Finetek, 4583). 10—12 um
cochlear cryo-sections were mounted on Superfrost microscope slides.
Sections were stored at —80°C until further processing.

Samples were blocked and permeabilized for 1 h at room temperature
in a buffer containing 10% normal goat serum (NGS), 0.3% Triton
X-100, 20 mm phosphate buffer (PB), and 450 mm NaCl. Immunostain-
ing was performed overnight at 4°C with the following primary anti-
bodies (diluted in blocking solution): rabbit-anti-BACE1 (Abcam,
ab108394; 1:50), guinea pig-anti-synapsinl,2 (Synaptic Systems, 106004;
1:500), rabbit-anti-KCNQ1 (K,7.1) (Abcam, ab135737; 1:200), goat-
anti-prestin (N-20; Santa Cruz Biotechnology, sc-22692; 1:400), rabbit-
anti-KCNQ4 (K,7.4) (H-130; Santa Cruz Biotechnology, sc-50417;
1:400), rabbit-anti-NF-200 (neurofilament heavy chain polypeptide,
Sigma-Aldrich, N4142; 1:600) and chicken-anti-NF-H (neurofilament
heavy chain polypeptide, Abcam, ab4680; 1:400), mouse-anti-CtBP2 (C-
terminal binding protein; BD Bioscience, 612044; 1:200), rabbit-anti-
GluR2/3 (Glutamate receptor subunits 2/3, Merck, ab1506; 1:200),
rabbit-anti-PSD95 (postsynaptic density 95, Abcam, ab18258; 1:200),
mouse-anti-MBP (myelin basic protein; F-6; Santa Cruz Biotechnology,
sc-271524; 1:400), and rabbit-anti-B-FABP (brain-type fatty acid bind-
ing protein, Kurtz et al., 1994, 1:1000). The primary antibodies were
labeled for 90 min at room temperature with species-appropriate sec-
ondary antibodies coupled to Alexa Fluor dyes (Thermo Scientific and
Abcam). Alexa-Fluor488-coupled phalloidin (Abcam, ab176753) was
used to visualize actin-containing stereocilia. Nuclei were stained with 2
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pg/ml 4’,6-Diamidine-2'-phenylindole dihydrochloride (DAPI, Sigma-
Aldrich, D9542).

Confocal microscopy. Confocal imaging was performed with an upright
LSM 710 Axio Examiner Z1 microscope using W-Plan-Apochromat
63X/1.0 M27 water-immersion objective (Carl Zeiss), as described pre-
viously (Wilke et al., 2014). Corresponding specimens of wild-type and
BACE1 '~ mice were imaged in parallel under identical experimental
conditions (e.g., software and hardware settings). Fluorescent images
represent maximum intensity projections of the x—y plane generated
from a minimum of five confocal planes (step size 1 um) with Zen2009
software (Carl Zeiss).

Tissue preparation for transmission electron microscopy (TEM) analysis.
Twelve mice inner ear specimens (6 wild-type and 6 BACE1 knock-out
animals) were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde
buffered in sodium cacodylate (0.1 M, pH = 7.4) overnight at 4°C. Tissue
then was rinsed in sodium cacodylate buffer (SCB) and postfixed in 1%
osmium tetroxide in sodium cacodylate buffer for 3—4 h at 4°C. Then
samples were rinsed in SCB again and dehydrated in graded ethanol
series and embedded in EPON resin. Ultrathin sections (90 nm) were cut
on a Reichert Ultracut S microtome (Leica Microsystems) with an ultra-
diamond knife, mounted on dioxan-formvar-coated slot-grids (#G2500C,
Christine Gropl, Elektronenmikroskopie, Tulln, Austria) and stained 35
min with 0.5% (w/v) uranyl acetate, pH 4.4 and 10 min with 3% (w/v)
lead citrate, pH 12 (Leica Ultrostainer, Leica Microsystems). The ultra-
thin sections were examined with a Philips CM 120 transmission electron
microscope at 80 kV (FEI) equipped with a MORADA digital camera
(Olympus SIS).

Hair cell electrophysiology. Hair cell electrophysiology was performed
as previously reported (Leitner et al., 2011). In brief, apical turns of the
organ of Corti of wild-type and BACE1 ~/~ mice (for inner hair cells
(IHCs): P39-P42; for outer hair cells (OHCs): P14-P16) were isolated in
extracellular solution containing the following (in mm): 144 NaCl, 5.8
KCl, 1.3 CaCl,, 0.7 Na,HPO,, 0.9 MgCl,, 5.6 glucose, 10 HEPES, pH
adjusted to 7.4 (NaOH) (305-310 mOsm/kg). For recordings, specimens
were transferred to an experimental chamber and continuously perfused
with extracellular solution. If necessary, supporting cells were carefully
removed with gentle suction through a patch pipette (pulled to a wider
tip diameter for cleaning) to get access to the basal pole of IHCs and
OHCs of the outermost row. Whole-cell patch-clamp recordings were
performed at room temperature (22—24°C) with an Axopatch 200B am-
plifier (Molecular Devices) or an HEKA EPC10 USB patch-clamp ampli-
fier controlled with HEKA PatchMaster software (both HEKA
electronics). Patch pipettes were pulled from borosilicate glass (Sutter
Instruments) and had a resistance of 2-3.5 M) after filling with intracel-
lular solution containing the following (in mm): 135 KCI, 3.5 MgCl,, 2.4
CaCl, (0.1 free Ca®™), 5 EGTA, 5 HEPES, and 2.5 Na,-ATP (pH adjusted
with KOH to 7.3; 290-295 mOsm/kg) (Leitner et al., 2012). Voltage-
clamp recordings were low-pass filtered at 2.5 kHz and sampled at 5 kHz.
The series resistance (R,) was kept <6 M() and R, was compensated
throughout the recording (80-90%). Steady-state current amplitudes
were normalized to cell capacitance (current density; pA/pF), and mem-
brane potentials shown were not corrected for liquid junction potentials
(approx. —4 mV). Steady-state current amplitudes were quantified at the
end of an activating pulse. Time constants of current activation and
deactivation were obtained from mono-exponential fits to the activating
or deactivating current component. 10,10-bis(4-Pyridinylmethyl)-9(10 H)-
anthracenone dihydrochloride (XE991; Tocris Bioscience) was added to
the extracellular solution at 20 uMm and was applied via a custom-made
glass capillary pipette positioned in close proximity to the cell under
investigation.

Recordings of prestin-associated nonlinear capacitance (NLC). Voltage-
dependent NLC was recorded from OHCs of wild-type and BACE1 ~/~
mice (P31-P44), as previously reported (Huang and Santos-Sacchi, 1993;
Oliver and Fakler, 1999). In brief, NLC was measured using a stimulus
stair-step protocol from —130 mV to +60 mV (5 ms duration, 10 mV
increments). During recordings, OHCs were perfused with extracellular
solution (see above) containing 20 um XE991 to inhibit predominant
K7 currents. Patch pipettes were filled with intracellular solution con-
taining the following (in mm): 110 CsCl, 20 TEA-C, 3.5 MgCl,, 2.4
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CaCl,, 2.5Na,-ATP, 5 HEPES, 5 EGTA, pH 7.3 (KOH), 290-295 mOsm/
kg. Currents were recorded with an EPC-10 patch-clamp amplifier and
PatchMaster software (HEKA), low-pass filtered at 10 kHz and sampled
at 100 kHz. Cell capacitance (C,,) was not compensated in the whole-cell
configuration and the time constant (7) of current decay was calculated
from mono-exponential fits to the current transients in response to each
voltage step. The input resistance (R;,) was calculated from voltage-
dependent steady-state currents and integration of the current transients
yielded the charge ( Q). C,,(7) at each voltage step was derived after cor-
rection of all voltages for R, errors from the following formula: C,,(i) =
(R,/R.,)**(Q/V.) where R, is the membrane resistance and V_ is the
holding potential. R;, and R, were calculated as reported previously (Ol-
iver and Fakler, 1999). The capacitance was fitted with a derivative of the

Q
Boltzmann function: C(V) = C;;,, + e e e VI)Z’ where

2 2

a¥e a *|1 + e «a

Cii, 1s the residual, noncompensated linear capacitance, V is the mem-
brane potential, Q.. is the maximum voltage sensor charge moved
through the membrane electrical field, V, , is the voltage at half-maximal
charge transfer and « is the slope factor of the voltage dependence. C,
was derived from the Boltzmann equation and reflected a measure for the
surface membrane area of OHCs. As measure for prestin density in the OHC
membrane, Q.. is presented as charge density (Q,,../C;,). The nonlinear
capacity (NLC) was normalized to C,,, that denotes maximal voltage-
dependent capacitance at V ,.

FM1—43 entry assay. Organs of Corti of wild-type and BACE1 ~/~ mice
(P43-P45) were isolated in parallel and incubated for 45 s in extracellular
solution containing 3 um FM1-43 (N-(3-(triethylammonium)propyl)-4-
(4-(dibutylamino)styryl)pyridinium, Thermo Scientific, F35355). After re-
peated washing, specimens were fixed with 2% paraformaldehyde for 1 h at
4°C. After washing, organs were imaged on a LSM 710 Axio Examiner Z1
confocal microscope (Carl Zeiss) with identical experimental settings
(FM1-43 entry assays were performed on 3 organ of Corti preparations
from 3 mice per genotype).

Data analysis. Immunohistochemistry was analyzed with Image],
Zen2009 (Carl Zeiss) and IGOR Pro (Wavemetrics). Synapse counts
(staining with antibodies directed against CtBP2, PSD95 or GluR2/3)
were analyzed blinded for genotype by four to five independent research-
ers (see Figs. 5,6, and 8). The spatial extension of NF-200-positive immu-
nosignals extending from inner spiral plexus (ISP) close to IHCs toward
the osseous spiral lamina (OSL) was analyzed manually using Image]
and also blinded for genotype (see Fig. 7C). Electrophysiological re-
cordings were analyzed with PatchMaster (HEKA) and IGOR Pro
(Wavemetrics), as well as custom-made programs written in Python.
Fiji software was used for densitometric analysis of Western blots
(Schindelin et al., 2012) and data analysis was performed using Orig-
inPro version 9.0 (OriginLab).

Statistical analysis. Statistical analysis was performed using two-tailed
Student’s ¢ test or Wilcoxon—-Mann—Whitney test. Significance was as-
signed at p = 0.05 (*p = 0.05; **p = 0.01; ***p = 0.001). Data are
presented as mean = SEM. In electrophysiological experiments, # repre-
sents the number of individual cells and accordingly the number of in-
dependent experiments.

Results

Deletion of Bacel causes hearing impairment in mice

To assess auditory function of BACE1 ~/~ mice, we recorded
ABRs and DPOAEs in 5- to 6-week-old mice compared with
wild-type littermates of the same age. ABR recordings were per-
formed independently in two different laboratories yielding qual-
itatively the same results (Fig. 1). ABR thresholds to tone bursts
between 4 kHz and 32 kHz (Fig. 1A) and click stimulation
(Fig. 1B,F) were significantly elevated by ~20 to 40 dB SPL in
BACE1 /" mice. All ABR waves that report on synchronous ac-
tivity in response to onset of sound (click stimulus) in spiral
ganglia neurons (SGN; wave I) and in neurons of the auditory
brainstem (waves II-V) were strongly reduced in amplitude in
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BACE1 /" mice when compared with wild-type controls (Fig.
1B,C,F). The latencies of all ABR waves were increased concur-
rently, underscoring the auditory deficits in the mutant mice
(Fig. 1B, D,G). In addition, DPOAE intensities were substantially
reduced in BACEL ~'~ mice (Fig. 1E). Together, these data indi-
cate a loss in auditory sensitivity due to impaired sound process-
ing in the cochlea of BACE1 /™ mice.

BACE]1 is expressed in SGN and olivocochlear

efferent terminals

We therefore analyzed expression and distribution of BACE1
with immunohistochemistry using cochlear cryo-sections and
whole-mount preparations of the organ of Corti. In 6 to 7 weeks
old wild-type (BACE1"'*) mice, strong anti-BACE1 immu-
nosignals were detected in cell bodies of neurons in the spiral
ganglion (Fig. 2A), indicating expression of BACEL1 in afferent
auditory neurons. In the organ of Corti, anti-BACE1 immu-
nosignals were found in small structures close to the basal pole of
IHCs and OHCs, respectively (Fig. 2C). Strict colocalization with
anti-synapsinl,2 immunofluorescence indicated that these
BACEl-positive boutons are olivocochlear efferent terminals
(Fig. 2C) (Vogl et al., 2015). Specific expression of BACEI in
these afferent and efferent structures was confirmed by strong
reduction of the anti-BACE1 immunofluorescence in the spiral
ganglion and the efferent terminals of BACE1 '~ mice (Fig.
2B,D). In contrast, only faint and likely unspecific anti-BACE1
immunosignals were present in the stria vascularis of wild-type
and BACE1 '~ mice (Fig. 2E), suggesting that BACE1 expression
is either absent in the stria vascularis or below detection thresh-
old. Expression of KCNQI1 (K7.1) channels in marginal cells
appeared identical in wild-type and knock-out mice (Fig. 2F).

Integrity of hair cell structure and function in

BACE1 ™/~ mice

The in vivo electrophysiological data indicated that the hearing
impairment of BACE1 /™ mice originated from impaired signal
processing in the auditory periphery, implicating a loss or dys-
function of hair cells, of synaptic transmission, or of signal prop-
agation along auditory neurons. We therefore examined the
structural integrity of the cochlea of mice matched to the age of
mice analyzed in the ABR experiments with immunolabeling and
confocal microscopy. We did not detect any structural changes in
the organ of Corti or hair cell loss in BACE1 ~/~ mice (Fig. 3 A, B;
n = 4). When stained with fluorescently labeled phalloidin, hair
bundles of THCs and OHCs appeared normal in BACE1 ~/~ mice
(Fig. 3A, B). To analyze whether hair cell function was normal in
BACE1 ™'~ mice, we examined the physiology of hair cells in
vitro. Function of the mechano-electrical transduction (MET)
machinery was probed with the lipophilic styryl dye FM1-43
known to enter hair cells through functional MET channels (Gale
et al., 2001; Meyers et al., 2003). Uptake of FM1-43 following
brief 45 s application to acutely isolated explants of the organ of
Corti was measured by confocal microscopy. FM1-43 accumu-
lation in IHCs and OHCs was homogenous and indistinguishable
between explants from wild-type and BACE1 ~/~ mice consistent
with a normal function of MET channels in the knock-out mice
(Fig. 3C). Because reduced DPOAEs point toward OHC dysfunc-
tion, we evaluated the physiology of OHC in BACE1 ~/~ mice by
analyzing expression and function of two essential OHC pro-
teins: prestin, underlying OHC electromotility, and voltage-
gated K" channel K,7.4 (KCNQ4), known to dominate the
basolateral OHC conductance (Kharkovets et al., 2006; Johnson
et al., 2011). Immunohistochemistry showed that both, expres-
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Figure 1.

Deletion of BACET causes hearing impairment. 4, ABR thresholds to tone bursts between 4 kHz and 32 kHz were significantly elevated by ~20 to 40 dB SPLin BACET /™ mice (n =
6) compared with wild-type controls (n = 5). Note that there was no statistical difference between genotypes at 16 kHz in these experiments. B-D, In BACE1

/™ mice, all ABR waves were reduced

in amplitude and latencies were increased. B, Shows summarized ABR waveforms in response to click stimulation for BACE1 =/~ (red:n = 6) and wild-type (black; n = 5) mice (80 dB peak
equivalent, 20 Hz timulation rate). Matching the overall loss of sensitivity, ABR wave | showed (€) reduced amplitude and (D) increased latenciesin BACET ~/~ mice. Amplitudes and latencies were

analyzed in recordings as shown in B. E, DPOAE intensities were also reduced in BACE1 ~/~

recordings, in BACET ~/~

mice (n = 8) compared with wild-type mice (n = 7) (F1 and F2 as indicated). Mice of both sexes were
used 5— 6 weeks after birth. F—H, Auditory brainstem responses following click stimulation were recorded in wild-type and BACE1

/" mice byasecond independent laboratory (lab 2). Alsoin these

mice, (F) the ABR thresholds were elevated, (G) the amplitude of ABR wave | (P1) was decreased and (H) the latency of wave | was increased compared with wild-type

mice. Amplitude of ABR wave | was analyzed at 16 kHz (90 dB SPL) and wave | latency was quantified at 16 kHz (20 dB over threshold). Mice of both sexes were used 6 —7 weeks after birth.n = 9
for wild-type and n = 8 for BACE1 '~ mice. Note that ABR recordings with pure tones performed in an independent laboratory (lab 1) yielded essentially the same results (A—E). All data are
represented as mean == SEM, *p << 0.05, **p << 0.01 (p-values from two-tailed two-sample ¢ test). Open symbols in €, D, and F—H show individual values for each animal.

sion levels and the characteristic subcellular distribution of pres-
tin (Fig. 3D) and KCNQ4 (K,7.4) (Fig. 3E), appeared normal in
OHCs of adult BACE1 '~ mice (P35-P45). Functionally, ampli-
tude and voltage-dependent features of prestin-mediated nonlin-
ear capacitance were indistinguishable between OHCs from
wild-type and BACE1 '~ mice (Fig. 4A). Similarly, in OHCs
KCNQ4-mediated currents quantified as the XE991-sensitive
steady-state outward current at —60 mV (Oliver et al., 2003;
Leitner et al., 2011) were indistinguishable between wild-type
(33.6 = 4.8 pA/pF; n = 6) and BACE1 '~ mice (34.5 * 5.1
pA/pF; n = 6; Fig. 4B). Other functional features of OHCs includ-
ing resting membrane potential (Fig. 4C), kinetics of KCNQ4
currents (Fig. 4D) and cell capacitance (Fig. 4E) were unchanged
in BACE1 /™ mice. In summary, these experiments did not re-
veal major alterations of OHC physiology in BACE1 ~/~ mice.

Similarly, in IHCs of BACE1 ~/~ mice K" current amplitudes
(Fig. 4F), cell capacitance (Fig. 4G), and resting membrane po-
tential (Fig. 4H ) were also the same as in wild-type.

Normal organization of afferent ribbon synapses in

BACE1 ™/~ mice

Given the apparent integrity of hair cells, we next analyzed the
afferent synapses of IHCs. Structural alignment and integrity of
the THC-to-SGN synapse were assessed in wild-type and
BACE1 /" mice by blinded counting of double-labeled presyn-
aptic and postsynaptic structures in apical turns of the cochlea
(Figs. 5, 6). Synapses were identified as juxtaposed presynaptic
ribbons and postsynaptic AMPA receptor clusters characterized
by staining with antibodies against CtBP2 and GluR2/3, respec-
tively (Khimich et al., 2005). We found 11.8 = 0.4 ribbons per
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IHC and 11.9 * 0.4 GluR2/3 clusters in
wild-type mice that importantly were lo-
cated in close proximity (n = 41 IHCs
from 6 preparations of 3 mice; Fig. 5A, C),
just as previously reported for wild-type
mice (e.g., Vogl et al., 2017). Synapse
counts were not altered in BACE1 '/~
mice, with 11.7 = 0.4 ribbons per IHC
and 11.8 * 0.4 GluR2/3 clusters nearby
(n = 57, IHCs from 6 preparations of 6
mice; Fig. 5B, C). GluR2/3 and CtBP2 im-
munofluorescent spots were juxtaposed
in wild-type and BACE1 ~/~ mice demon-
strating identical counts of ribbon-
occupied IHC synapses in both genotypes.
Similarly, presynaptic ribbons in OHCs
were also unchanged in number and mor-
phology in BACE1 /'~ compared with
wild-type mice (Fig. 5D).

Disorganization of (afferent) SGN
fibers and ectopic overexpression of
PSD95 in BACE1 ™/~ mice

We next examined the architecture of
nerve fibers in the organ of Corti using an
antibody directed against the spiral gan-
glion fiber marker neurofilament protein
200 kDa (NF-200). In doing so, we iden-
tified three distinct abnormalities in co-
chleae of BACE1 /™ mice:

(1) Nerve fibers in the IHC region
displayed higher anti-NF-200 immuno-
fluorescence, appeared disorganized and
enlarged, and occupied far more space in
the synaptic area than in wild-type mice.
Also, NF-200-stained fibers appeared
somewhat thicker than in wild-type mice
(Fig. 6A,B).

(2) To analyze the postsynaptic assem-
bly in more detail, we stained presynaptic
CtBP2 together with the postsynaptic
scaffolding protein PSD95 and NF-H in
acutely isolated organ of Corti explants.
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Figure 2.  BACET is expressed in spiral ganglion neurons and olivocochlear terminals. Expression of BACET was analyzed with
immunohistochemistry on (4,B,E) cochlear cryosections and (C,0) whole-mount preparations of the apical cochlear turn of the
organ of Corti. All images are representative maximum intensity projections of confocal z-stacks (see material and methods for
details). A, We detected strong anti-BACE1 immunosignals in cell bodies of SGN in BACET ™/ mice that (B) were strongly reduced
in BACE1 /™ mice. The panels (A-+B) show representative transmitted light (left) and corresponding confocal images (right) of
cryo-sections through the spiral ganglion stained with primary antibodies directed against BACE1 (green). €, In the organ of Corti
of wild-type mice, we detected strong anti-BACE1 signals in synapsin1,2-positive structures that represent efferent olivocochlear
terminals. D, These anti-BACE1 signals in efferent boutons were completely absent in the organ of Corti of BACE1 ~/ ™ mice. Cand
D show confocal images of the organ of Cortiin the IHC (top) or the OHC (bottom) region stained with primary antibodies against
BACE1 (green) and synapsin1,2 (red). The right images in Cand D show merged images of anti-BACET and the respective anti-
synapsin1,2 staining. E, BACET expression was not detectable in the stria vascularis. We found comparable diffuse anti-BACE1-
immunosignalsin the stria vascularis of BACET /% (left) and BACET ~/— (right) mice. We thus consider these signals as caused by
unspecific binding of the primary antibody. F, As demonstrated with antibodies directed against K(NQ1 channels (K,7.1), local-
ization and expression of KCNQ1 channels (green) in the stria vascularis was indistinguishable between BACE1 1+ (left) and
BACET ~’~ (right) mice. Eand F show merged transmitted light and confocal images of cryo-sections through the stria vascularis.
Scale bars, 20 m.

In wild-type mice, CtBP2- and PSD95-

positive clusters precisely juxtaposed, i.e., PSD95 was exclusively
localized in close proximity to the presynaptic region of IHCs
(Fig. 6C,E). In contrast, in BACE1 ~/~ mice the number of
PSD95-positive clusters was significantly higher than in wild-
type mice (p = 0.001), by far exceeding the (unchanged) number
of CtBP2-positive IHC ribbons (p = 0.001; Fig. 6 D, E). This in-
creased number of PSD95 clusters indicated a mismatch of pre-
synaptic and postsynaptic structures in BACE1 ~/~ mice. The
additional PSD95 clusters were preferentially located (far) out-
side the synaptic region and thus were not associated with pre-
synaptic IHC ribbons (Fig. 6D,F). In BACE1 '~ mice, the
ectopic PSD95 clusters were distributed completely across the
enlarged nerve fibers in the IHC region defined by NF-H re-
activity (Fig. 6 D, F). In contrast, in wild-type mice the PSD95
clusters were all located in close proximity to presynaptic
IHCs (Fig. 6C,F). Thus, loss of BACEI expression in the co-
chlea caused enlargement of SGN fibers and expression of
PSD95 unmatched by CtBP2 reactivity. In contrast, expression

of GluR2/3 expression in the postsynapse appeared normal
(cf. Fig. 5C).

(3) In BACE1 /™ mice, NF-200-positive patches with high
immunofluorescence appeared in the osseous spiral lamina
(OSL) region between IHCs and the modiolus (Fig. 6B). These
structures appeared as enlargements of the afferent fibers. As we
did not detect anti-PSD95 immunosignals in these structures, we
consider that these patches did not represent ectopically formed
postsynaptic compartments (anti-PSD95 stainings not shown).
These patches were entirely absent in wild-type cochleae (Fig.
6A,B).

Demyelination of peripheral auditory nerve fibers in

BACE1 ™/~ mice

As the NF-200 antibody preferentially recognizes nonmyelinated
segments of peripheral neurites (Kujawa and Liberman, 2009; Lin
et al.,, 2011), we reasoned that the observed excessive NF-200
staining pattern may indicate altered myelination of auditory
afferent nerve fibers. We thus examined myelination of SGN fi-
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Normal hair cell functionin BACET ~~ mice. 4, B, The images show representative confocal projections of whole-mount preparations of apical turns of the organ of Corti isolated from

a(A) wild-type and (B) BACET ~/~ mice. Tissue was stained with fluorescently labeled phalloidin (green) and DAPI (blue) to visualize actin-containing stereocilia and the nuclei, respectively. We did
not detect any signs of hair cell degeneration or altered hair bundle morphology in the organ of Corti of BACET ~/ ™~ mice. (€) FM1—43 entry into IHCs and OHCs, as detected by comparing intensity
of FM1—43-associated fluorescence in hair cells after 45 s exposure, was the same in BACET ™/ (top) and BACE1 /™ mice (bottom). These experiments were performed on 3 organ of Corti
preparations from three mice per genotype mice and did not reveal any difference of FM1—43 entry into hair cells of both genotypes. D, Cryosections of the cochlea stained with anti-prestin
antibodies revealed that localization and expression of prestin (red) in the lateral membrane of OHCs was indistinguishable between wild-type (top) and BACE1 ~/~ (bottom) mice. The image
depicts a representative section through the apical cochlear turn. E, Expression and localization of KC(NQ4 (K,7.4) channels in OHCs was the same in wild-type and BACE1 ~/~ (whole-mount
preparations of the organ of Corti stained with anti-KCNQ4 antibodies (green) and DAPI (blue)). A—E show representative confocal projections of z-stacks of tissue stained with the given primary

antibodies in the apical turn of Corti. Al tissue was isolated from mice of either sex at the age of P35—P45.

bers in whole-mount explants of the organ of Corti using an
antibody directed against myelin basic protein (MBP). In wild-
type mice, the anti-MBP-antibody strongly and homogenously
labeled most fibers in the OSL along their entire length, except for
the most distal segment close to IHCs (Fig. 7A). This pattern is
consistent with the fact that in the normal adult mouse cochlea,
~90% of the distal afferent nerve fibers are myelinated (Nayagam
et al., 2011). Thus, we presume that most of these myelinated
fibers recognized by the anti-MBP antibody are type I afferents.
In cochleae from adult BACE1 ~/~ mice, the MBP staining was
markedly reduced, as by far fewer fibers showed myelination at all
and, if detectable, myelination did not extend all the way to the
distal endings in the majority of those fibers (Fig. 7B). Indeed,
when taking NF-200-positive immunostaining as measure for the
traveling distance of fibers without myelination, we found that in
wild-type mice the myelination of fibers traveling toward the hair
cell region ended ~40 um away from IHCs in the OSL close to
the habenula perforata (Fig. 7B,C). In contrast, in BACE1 =
mice, NF-200-positive immunoreactivity extended approxi-
mately twice further from the inner spiral plexus (ISP) toward the
spiral ganglion (p = 0.001; n = 80 fibers from 4 different animals
per genotype; Fig. 7C). To substantiate our findings, we investi-
gated ultrathin (90 nm) sections of the adult cochlea with trans-
mission electron microscopy (TEM). In BACE1 '~ mice, the
myelination of the SGN cell bodies and surrounding fibers was
mostly absent (Fig. 7D, red arrows), and the thickness of the
myelin layers of the nerve fibers in the OSL was substantially

reduced compared with the wild-type mice (Fig. 7E). Further-
more, in contrast to wild-type mice, many nerve fibers in the OSL
were not myelinated (Fig. 7E, red asterisks). This supports the
finding that myelination of the peripheral auditory fibers was
decreased in BACE1 ™/~ mice.

Together, our data demonstrated severe disorganization of
peripheral fibers of (type I) afferent neurons in BACE1 ~/~ mice,
strongly enlarged endings, supernumerary postsynaptic sites, and
impaired myelination. We therefore posit that BACEL is essential
to ensure normal architecture and, myelination of distal auditory
fibers in the cochlea.

Treatment with BACEL1 inhibitor does not cause hearing loss

Given that BACEI is widely recognized as a prime drug target for
the prevention and treatment of AD, we wondered whether
chronic pharmacological suppression of BACE1 activity in nor-
mal mice would carry the risk of unwanted side effects in the
auditory system. To address this translationally important ques-
tion, we treated 1-month-old wild-type mice with the established
blood-brain barrier permeable BACE1 inhibitor NB-360 (Neu-
mann etal., 2015). The drug was administered for 6 weeks, which,
in a mouse model of AD, proved sufficient to reduce A fibrils in
cortical tissue and to rescue neuronal hyperactivity, impaired
circuit function and memory deficits (Keskin et al., 2017). Sup-
pression of BACE1 activity by NB-360 was indicated by the fol-
lowing findings. The fur of treated mice lost its homogeneous
black color, thereby exhibiting more or less pronounced patches
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Figure4.

cells between wild-type and BACE1 ~/~

Normal biophysical properties of prestin and hair cell K * currentsin BACET '~ mice. We did not detect any differences in the properties of prestin or the K * currents expressed in hair
mice. A—E summarize for OHCs (A) amplitude (A7, representative capacitance recordings; A2, summarized maximum capacitance C,,,,) and voltage-

dependent features of prestin-mediated nonlinear capacitance (43, summarized slope; A4, summarized ,), (B) K,7.4-mediated currents quantified as XE991-sensitive steady-state outward
currentat —60mV, () resting membrane potential, (D) activation (left) and deactivation (right) kinetics of XE991-sensitive currents and (E) cell capacitance. Note that all parameters were the same
inOHCs of BACET ™/ and BACET ~/~ mice. F—H show thatalsoin IHCs (F) whole-cell current densities, (G) cell capacitance and (H) resting membrane potentials were the same in both genotypes.
F, Representative current recordings. F—H summarize the recordings of IHCs isolated from mice of both genotypes (n = 6 for each genotype). All tissue was isolated from mice at the age of P39 —P42

(IHC) and P14 —P16 (OHC). All hair cells were recorded from the apical turn of the organ of Corti.

of gray (Fig. 8A) (Shimshek et al., 2016; Hartmann et al., 2018).
Western blot analysis of amyloid precursor protein (APP) and
contactin-2 (CNTN2 (Gautam et al., 2014), two known BACE1
substrates, demonstrated a significant increase of the respective,
unprocessed full-length protein (Fig. 8 B,C), consistent with a
previous report on NB-360 (Neumann et al., 2015). In stark con-
trast to the pronounced hearing impairment of BACEI ~/~ mice,
NB-360-treated wild-type mice performed just as well in ABR
recordings as their drug-free counterparts (Fig. 8D). As almost
predicted by the normal ABR results from the treated mice, NB-
360 administration also did not produce the aberrant histological
features in the cochlea that we had identified in BACE1 ~/~ mice.
Thus, we did not observe differences between NB-360-treated
and control mice at presynaptic or postsynaptic sites of the IHC-
to-SGN synapse (Fig. 8E) and we observed no ectopically ex-
pressed PSD95 clusters as seen in BACE1 ~/~ mice (Fig. 8F). Also,
staining against NF-200 and MBP showed that NB-360 did not
affect axonal organization and myelination (Fig. 8G,H). It there-
fore appears safe to conclude that the auditory phenotype of
BACEI!-deficient mice including its neuropathological under-
pinnings is not reproduced by prolonged systemic NB-360 ad-
ministration in wild-type mice.

BACE] knock-out mice do not develop proper myelination in
the cochlea

The lack of an auditory phenotype of NB-360-treated adult wild-
type mice suggested to us that the hearing loss of the mutant line

might be of developmental origin. To explore the role of BACE1
in postnatal cochlear wiring, we compared the time course of
myelination in the apical turn of the organ of Corti in wild-type
and BACEl-deficient mice between postnatal days 5-15 (Fig.
9A), when cochlear BACEI levels are invariably high (Shen et al.,
2015). In wild-type mice, considerable proximal myelination was
already present at P5-P6. At P8, the myelin sheath extended dis-
tally to the habenula perforata in some fibers, and myelination
reached mature levels by the end of the second postnatal week
(Fig. 9A, top; cf. Fig. 7A). In stark contrast, BACE1 /= mice did
not show any myelination in the cochlea at the end of the first
postnatal week, and at P14, we detected only faint anti-MBP
signals in proximal regions of SGN fibers (Fig. 9A, bottom).
Thus, the developmental myelination in the cochlea of
BACE1-deficient mice was markedly delayed, and axonal en-
sheathment remained immature even in adulthood (Fig. 7B).
The observed enlargement and disorganization of fibers in
adult BACE1 /" mice (Fig. 7B) was not present until ~P14
(Fig. 94, arrows).

In the apical turn of the cochlea, the postsynaptic compart-
ment appeared normal (Fig. 9A, B) until at least P14-P15 (Fig.
6B). However, in the base of the cochlea, SGN fiber terminals
were already abnormally swollen around the same time point
(Fig. 9B), indicating a progression of deterioration from the co-
chlear base to the apex that follows the sequence of tonotopic
myelination in humans (Ray et al., 2005).
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Figure 5.  The architecture of ribbon synapses appears normal in BACET ~/~ mice. 4, B, Representative maximum intensity projections of confocal z-stacks from the IHC region in the organ of
Corti of the apical turn of (4) wild-type and (B) and BACE1 ~/~ mice stained with antibodies directed against presynaptic CtBP2 (red) and postsynaptic GluR2/3 (green). Dotted lines visualize
individual IHCs in the region. €, CtBP2 and GluR2/3 puncta were quantified by blinded counting of immunopositive clusters from images as shown in (A+B) in BACET */* (n = 41 cells of 3 mice)
and BACE1 /™ mice (n = 57 cells of 3 mice). There was no significant difference between genotypes. D, There was no obvious difference in the number of CtBP2-positive clusters in OHCs of
BACE1 /™ (left) and BACET ~/~ (right) mice. D, Representative confocal projections through the OHC region in the apical turn of BACE1 I (left) and BACE1 '~ (right) mice stained with

anti-(tBP2 antibodies (red) and DAPI (blue).

Neuregulin signaling is impaired in BACE1 knock-out mice

NRGI is an important substrate of BACEL. Upon BACE1 cleav-
age, its N-terminal region is released and binds to ErbB receptors
(for review, see Hu et al., 2016). As a consequence of impaired
NRG1-ErbB-signaling, myelination of peripheral nerves is com-
promised in BACE1 '~ mice (Hu et al., 2006; Willem et al.,
2006). In the cochlea, NRG1 is expressed in SGNs (Morley, 1998;
Hansen etal., 2001; Stankovic et al., 2004) and signals to cochlear
Schwann cells containing ErbB2 and ErbB3 receptors (Hansen et
al., 2001). Activated NRG1 type III is a key regulator of myelin
thickness in the peripheral nervous system (Taveggia et al., 2005;
Velanac et al., 2012). Type-IIl NRG1 ™/~ mice have slightly in-
creased hearing thresholds at the age of 12 months (Jin et al,,
2011). NRGI1 is therefore a candidate BACE1 substrate in the
cochlea that, when incompletely processed, might cause the ob-
served hypomyelination. To substantiate this, we examined the
cochlea of heterozygous Nrgl-@ allele mutant mice that carry
only one intact copy of Nrgl. We restricted our analyses to
heterozygous mice, as the homozygous Nrgl-B mutation is le-
thal. We analyzed myelination of SGN fibers and nerve fiber
architecture using anti-MBP and anti-NF-200-antibodies, re-
spectively. Further, we used a B-FABP-antibody (brain—type fatty
acid binding protein, Kurtz et al., 1994), that recognizes nonmy-
elinating glial cells and labels the synaptic region of inner hair
cells devoid of myelin. In wild-type animals, the distal unmyeli-
nated part of SGN fibers and the postsynaptic compartment was
completely covered by FABP-positive glia cells (Fig. 10A,B). In
BACE1 /" mice, the FABP-positive zone extended considerably
more proximally covering a large part of unmyelinated axons and
the enlarged postsynaptic region (Fig. 10B). Nrgl-B-hetero-

zygous mice show a similar, but less pronounced phenotype
exhibiting the same neuropathological hallmarks, namely en-
larged and disorganized postsynaptic compartments (NF-
200), fiber hypomyelination (MBP) and an extended axonal
area covered by unmyelinated glia that stain for FABP (Fig.
10). The results strongly suggest that impaired NRG1-ErbB-
signaling is responsible for the aberrant cochlear wiring in
BACE! knock-out mice.

Discussion
Our study establishes hearing loss as a novel phenotype of
BACE1-deficient mice. The high expression levels of BACE1 in
neurons of the spiral ganglion and in olivocochlear terminals,
together with the conspicuous neuropathology in the cochlea and
the related abnormalities in the ABR recordings in the absence of
BACE] strongly argue for a peripheral origin of the hearing loss.
Compared with wild-type littermates, BACE1 '~ mice dis-
played significantly increased ABR thresholds in response to pure
tones over a wide range of frequencies (e.g., ~+40 dB at § kHz in
ABR recordings (Fig. 1A), and also after broad-band click stim-
ulation (Fig. 1F). We link this finding to a sensorineural hearing
loss, because amplitudes of all ABR waves, especially of wave I,
were significantly decreased, and DPOAE thresholds were ele-
vated in BACEI-null mice. This pattern of electrophysiological
abnormalities is an unequivocal sign of diminished sound sensi-
tivity in the cochlea. At present, we do not know the reasons for
the observed reduction in DPOAE amplitude. Given the normal
OHC morphology and ex vivo physiology one might speculate
about a potential gain of efferent inhibition of OHCs in
BACE1 ™'~ mice, testing of which will require future studies.
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mice. Auditory nerve fibers and the synaptic arrangement were analyzed in whole-mount organ of

Corti preparations of the apical cochlear turn stained with primary antibodies targeted against neurofilament (NF-200 or NF-H, both are directed against neurofilament heavy chain polypeptide) and
(tBP2 or PSD95, respectively. A, B, Auditory nerve fibers in the osseus spiral lamina (0SL) of BACET ~/~ mice (in B; P48) showed more intense anti-NF-200 immunofluorescence, and appeared
disorganized and swollen. In the OSL of BACET ~/~ mice, we detected NF-200-positive patches with very high immunofluorescence (arrowheads in B) that were completely absent in wild-types.
Dashed lines in A and Bindicate the habenula perforata. Smallerimages in A and B display magnifications of the OSL (top) and the IHC (bottom) region. C, D, Triple staining with antibodies directed
against neurofilament (NF-H; blue), CtBP2 (presynaptic ribbon; red) and anti-PSD95 (postsynaptic density; green) showed that (C) in BACET */* mice the presynaptic and postsynaptic terminals
were well aligned in close proximity. D, In BACE1 /™ mice a substantial number of PSD95-positive clusters was located far outside the synaptic region and not aligned at all with presynaptic
anti-CtBP2 signals. Maximum intensity projections of confocal z-stacks shown in the acquisition plane (x—y, left) and in the orthogonal plane (z-y, right). E, Blinded counting of (tBP2- and
PSD95-positive signals revealed significantly more PSD95 clusters in BACET ~/ thanin BACET */* mice (p << 0.001). In BACE1 ~/™ mice, postsynaptic PSD95 clusters significantly outnumbered
presynaptic (tBP2 clusters (p << 0.001). F, Schematic drawing summarizing our findings (neurofilament-positive fibers, blue; PSD95, orange; (tBP2, red; GIuR2/3, green). (A-D) All images are
representative confocal projections of the apical turn of the organ of Corti. Corresponding images (4,B and C,D) were taken in parallel under identical experimental conditions (See Materials and

Methods). ***p<<0.001.

Regardless of the precise mechanism, a reduction of cochlear
amplification likely contributes to the hearing impairment of
BACE1 "~ mice.

It might appear surprising that, despite the many in-depth
studies of BACE1-deficient mice at all levels of examination,
the hearing loss escaped the attention so far. However, since
the mice are not completely deaf, their hearing phenotype is
not plainly obvious, but requires detailed audiometric analy-
sis. In view of our findings, previous studies reporting deficits
of BACE1 ~/~ mice in behavioral paradigms that used acoustic
stimuli such as prepulse inhibition (Savonenko et al., 2008)
and acoustic startle responses (Weber et al., 2017) should be

discussed also in consideration of the hearing dysfunction of
the mice described here.

BACETI is essential for normal myelination of nerve fibers,
axonal targeting and synapse formation in the cochlea

As morphological substrates of the hearing loss, we identified
hypomyelination of auditory nerve fibers, as well as disorganiza-
tion and enlargement of postsynaptic terminals close to the IHC
synaptic region. Compared with the auditory impairment in
other mouse models of peripheral myelination defects (Zhou et
al., 1995; Wan and Corfas, 2017), BACE1 knock-out mice exhibit
a more pronounced elevation of ABR thresholds suggesting that
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Deletion of BACET causes significant hypomyelination of auditory nerve fibers. 4, B, Myelination of nerve fibers was largely reduced and fewer fibers showed myelination in BACE1 ~/~

mice, as demonstrated by substantially reduced anti-MBP immunosignals in the apical turn of the organ of Corti. Whole-mount organ of Corti preparations of adult (4) BACE1 */* and (B)
BACET ~/~ mice were stained with antibodies directed against MBP (red) and NF-200 (green). Note that in wild types, but notin BACE1 ~/~ mice, anti-MBP immunosignals extended completely
toward the habenula perforata (indicated by the dashed line). The panels show representative confocal projections; all scale bars represent 40 m. €, As measure for the traveling distance of fibers
without myelination, we quantified the distance of NF-200-positive immunostaining from the inner spiral plexus (ISP) close to IHCs toward the osseous spiral lamina. 80 nerve fibers of 4 animals per
genotype were analyzed blinded to the analyst with ImageJ (***p = 0.001; two-tailed two-sample ¢ test). Note that NF-200 preferentially recognizes non-myelinated segments of nerve fibers. D,

E, TEM analysis in ultrathin sections of the cochlea (basal turns; 90 nm) of (D) the cell bodies of SGN neurons in the ganglion and (E) of nerve fibers in the OSL of adult wild-type (top) and BACE1
mice (bottom). D, Cell bodies of SGN in the ganglion of wild-type mice were covered with myelin sheaths (c.f. red arrows) that were almost completely absent in BACE1

—/—

'~ mice. E, In knock-out

mice, myelin sheaths of nerve fibers in the OSL were thinner in general and some fibers were not myelinated (*fibers in the OSL).

the synaptic abnormalities in their cochleae bear also functional
relevance. In support of this notion, we found ectopically ex-
pressed PSD95 in these enlarged nodular structures. As the ma-
jority of myelinated fibers in the cochlea constitute type I fibers,
loss of BACE1 affected the integrity of afferent SGN fibers carry-
ing the auditory information from inner hair cells to brainstem
nuclei as well as their postsynaptic compartments.
Disorganization of synaptic contact sites due to aberrant ax-
onal targeting and hypomyelination of nerve fibers are not with-
out precedent in BACE1-deficient mice (see Introduction and
Results). In fact, NRG1 emerged as an important substrate of
BACEL. NRG1 has multiple functions in myelination of periph-
eral axons and the induction of the muscle spindle, and depends
on BACEI cleavage to exert these roles (Michailov et al., 2004;
Cheret et al., 2013). It was therefore plausible that in the auditory

periphery, as in other areas of the nervous system, the abrogated
processing of NRG1 by BACEI1 causes changes like hypomyelina-
tion. Heterozygous Nrgl knock-out mice display indeed an
attenuated phenotype, i.e., hypomyelination and enlarged post-
synaptic compartments (Fig. 10A). The fact that heterozygous
loss of Nrgl produced a weaker auditory phenotype than com-
plete disruption of Bacel might be attributable to higher levels of
processed NRG1 in the former mice. Alternatively, there could be
contribution of additional BACE1 substrates to normal cochlear
function.

The extended FABP-positive area in NRG1 ™/~ and BACE1 ~/~
mice illustrates the enlarged synaptic compartment, and the ab-
normally thin and retracted myelin sheath. Interestingly, NRG1
overexpressing mice exhibit decreased PSD95 gene expression in
SGN fibers (Jin et al., 2011), and terminal Schwann cell-mediated
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Figure 8.  Treatment of mice with BACE inhibitor NB-360 does not cause hearing loss. A, Treatment of mice with NB-360 for 6 weeks led to significant changes of fur color ranging from the
appearance of patches of gray hair (mouse 2, 3 versus control mouse 1) to general decolorization (mouse 4). B, , Inhibition of BACE1 was evaluated by quantifying levels of APP, CNTN2 and BACE1
in brain lysates of four control and four NB-360-treated mice with Western blots. C, Levels of these proteins were densitometrically quantified in Western blots as shown in B, normalized to an
internal standard to equalize between membranes, and normalized to the corresponding 3-actin levels. Levels of untreated controls (black columns) were set to 1 forillustration. Red columns depict
results for the BACE1 substrates CNTN2 and APP, as well as for BACET protein of NB-360-treated animals. The APP antibody is directed against the C terminus of APP (Bhattacharyya et al., 2013). The
(NTN2 antibody is directed against GPI anchored full-length contactin-2 (Gautam et al., 2014) (n = 6 for controls and n = 8 for NB-360-fed mice, *p << 0.05, n.s., not significant, two-tailed
two-sample t test. D, Feeding of mice with NB-360 for 6 weeks did not induce hearing loss, as ABR thresholds, ABR wave | amplitude and latency were indistinguishable between control (black) and
NB-360-treated (red) mice. The panel shows summary of ABR thresholds in response to pure tones, and the quantification of wave | (P1) amplitude (16 kHz at 90 dB) and latency (16 kHz; 20 dB over
threshold) (n = 10 for both groups). E, F, Blinded counting of presynaptic (tBP2- (red) and postsynaptic PSD95-clusters (green) revealed no difference in synapse number and structure between
control mice and mice fed with NB-360 (70 IHCs of 4 different animals per treatment group were analyzed; no significant difference). Organization and integrity of auditory nerve fibers, as visualized
with antibodies directed against neurofilament (NF-H-immunosignals, blue), was also the same in both groups. G, H, As demonstrated by anti-MBP immunosignals (red), myelination of nerve fibers
was indistinguishable between control mice and mice fed with NB-360. Also, anti-NF-200 signals were the same in both treatment groups and we did not detect any patches with high NF-200
immunofluorescencein the osseous spiral lamina (OSL) of mice fed with NB-360. £, G, and H show representative confocal projections of whole-mount explant cultures (apical cochlear turns) stained
with primary antibodies against the indicated proteins.

synapse elimination of neuromuscular junctions depends on
NRGI (Lee et al., 2016). We therefore suggest that the converse
phenotype, the increased number of PSD95-positive clusters
around THC synapses observed BACE1 null mice, is due to a lack
of processed NRGI.

Analysis of the BACE1 ~/~ mice demonstrated a pronounced
delay of the onset of peripheral myelination in OSL fibers by
~10 d. In the cochlea of adult BACE1-deficient mice, myelina-
tion was still incomplete, demonstrating that the developmental
deficit cannot be compensated over time. Together with the ob-
servation that the inhibition of BACEL in adult mice did not
impair cochlear function and morphology, these data suggest
that the auditory phenotype of BACEI ~/~ mice represents pre-
dominantly a developmental disorder.

BACE] is unlikely to interact with K,,7 channels in

the cochlea

Two types of KCNQ (K,7) channels, KCNQ1/KCNE!1 and
KCNQ4, are essential for cochlear function. Mutations in either

channel gene produce hearing deficits of varying degrees up to deaf-
ness (for review, see Jentsch, 2000; Maljevic et al., 2010). While
KCNQ1/KCNEI channel complexes located in marginal cells of the
stria vascularis serve to maintain the high K™ concentration of the
endolymph, the prerequisite of the endochochlear potential,
KCNQ4 provides the major K* conductance of OHCs (Kharkovets
et al., 2006). As we have reported previously BACEI interacts with
KCNQ channels including the subtypes present in the cochlea in a
complex fashion, involving both enzymatic and nonenzymatic ef-
fects (Sachse et al., 2013; Agsten et al., 2015; Hessler et al., 2015;
Lehnertetal., 2016). Thus, we wondered whether changes in KCNQ
channel expression or function might contribute to the hearing def-
icit of BACE1 ~/~ mice. Our evidence against an appreciable role of
these channels is the following. First, in whole-cell voltage-clamp
recordings of K™ currents from OHCs of wild-type and mutant
mice, we did not detect any significant difference, consistent with the
lacking BACE1 staining of hair cells in immunohistochemical prep-
arations of wild-type mice. Further support for the absence of
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cochlear base

cochlear apex

Postnatal myelination of SGN fibers is delayed in BACE1 ~/~ mice. 4, Compared with age-matched wild-type animals (top), onset of SGN fiber myelination was substantially delayed

in BACE1 knock-out mice (bottom), and myelination was highly incomplete at P14 —P15. Two weeks after birth, nodule patches with high NF-200 immunofluorescence appeared in the OSL of
BACE1 /" mice (white arrows). Note that NF-200 preferentially recognizes unmyelinated segments of nerve fibers. The panels show representative confocal z-stack projections of whole-mount
preparations of the apical turn of the organ of Corti at indicated age; scale bars, 50 um. Three animals were analyzed per age group. B, Two weeks after birth, SGN fiber terminals were disorganized
at the cochlear base, whereas fiber architecture in the cochlear apex was normal. At least three animals were analyzed per age group. In 4 and B, myelination was visualized in whole-mount
preparations of the apical turn of the organ of Corti using antibodies directed against MBP (red), SGN fibers were visualized with NF-200 (green). The postnatal day is indicated above the images.

Scale bars, 20 m.

A wild type BACE1 -/- Nrg1-8

B wild type BACE1 -/-

—I+

Figure 10. NRG1 /" mice display reduced myelination and abnormal fiber configuration. 4, Heterozygous NRG1 mice
(Nrg1-p, right) display hypomyelination, disorganization and abnormal enlargement of the synaptic region of SGN fibers in the
cochlea 4 weeks after birth. Compared with BACET '~ mice (middle), the reported abnormalities are similar albeit less pro-
nounced. Scale bars represent 20 wm. B, Visualization of nonmyelinated glia cells in the synaptic region of the cochlea with
antibodies directed against FABP (brain-type fatty acid binding protein, green) in wild-type (left), BACET ~/~ (middle), and
NRGT ~/* mice (Nrg7-3; right). In both BACE1 ~/~ and NRG1 ~/* mice, the nonmyelinated synaptic region was extended
compared with wild-type mice. Scale bars represent 50 wm. A and B show representative maximum intensity projections of
confocal z-stacks of the apical turn of the cochlea stained with the indicated antibodies. Four animals were examined per
genotype.

BACE] from hair cells comes from expres-
sion analyses made available through the
SHIELD database (Shen et al., 2015). Sec-
ond, immunostaining of marginal cells of
the stria vascularis did not reveal expression
of BACEI in wild-type mice (Fig. 9A4), and
expression of KCNQLI in these cells ap-
peared unchanged in BACE1 knock-out
mice (Fig. 2F). Finally, rodents with im-
paired peripheral myelination uniformly
display elevated ABR thresholds, reduced
ABR amplitudes and prolonged ABR laten-
cies (for review, see Long et al., 2018). Thus,
the auditory phenotype of BACE1 null mice
can be fully explained based on the neuro-
pathological aberrations in their cochleae,
without considering a decrease in KCNQ
currents.

We therefore conclude that, whereas
BACEL has considerable impact on KCNQ
channel function in other regions of the ner-
vous system and elsewhere in the body, such
an interaction is unlikely to occur in mar-
ginal and hair cells of the cochlea, probably
owing to the lack of sufficient expression
of BACEL in cells with significant KCNQ
currents.

Would BACE] inhibitors worsen
hearing function in AD?

A recent study on auditory function in a
mouse model of AD reported reduced
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acoustic startle response and peripheral hearing loss (O’Leary et
al., 2017). These AD mice showed increased ABR thresholds at
13-14 months of age and a significant higher loss of IHCs and
OHGC:s in the cochlea at 15-16 months of age compared with
age-matched wild-type mice (O’Leary et al., 2017). In a similar
vein, clinical studies found a positive correlation between hearing
loss and dementia, particularly in AD patients (Lin et al., 2013;
Fritze et al., 2016).

The interdependence between cognitive decline and progres-
sive hearing impairment, together with our data on an essential
role of BACEI for hearing, raises concerns regarding the envis-
aged chronic administration of BACEI inhibitors to prevent and
treat AD. Such reservations appear the more justified as evidence
is growing that the influence of BACE1 on synaptic morphology
and function as well as on axon guidance is not restricted to
development, but continues into adulthood, at least in brain re-
gions rich in BACEIL. For example, Bacel gene deletion in the
adult mouse brain leads to axon guidance defects and disorgani-
zation of the mossy fiber tract in the hippocampus (Ou-Yang et
al., 2018). Moreover, in a pre-clinical study with 3 - 4 months old
mice, a three-week administration of the orally available and
blood—brain barrier permeable BACE1 inhibitor NB-360 re-
duced spine density of hippocampal pyramidal neurons and im-
paired synaptic long-term potentiation (Zhu et al, 2018).
Similarly, inhibition of BACEL1 in adulthood impairs muscle
spindle morphology and function (Cheret et al., 2013). Thus,
BACE] functions are not restricted to development, but rather
BACEI is needed in adulthood.

To extrapolate possible side effects of chronic pharmacologi-
cal BACELI inhibition in the auditory system of patients, we
treated wild-type animals with NB-360 at a dosage and over a
time period (6 weeks) that proved sufficient to repair AD patho-
physiology in a mouse model (Keskin et al., 2017). Although
BACE]1 is highly expressed in SGNs and olivocochlear efferent
terminals in the cochlea, we did not detect hearing deficits or
neuropathological abnormalities in the treated group. Therefore,
systemic delivery of this BACEI-inhibitor in adulthood does not
compromise hearing. Nevertheless, some caveats must be ex-
pressed when translating this finding to the clinical setting. One
important issue that remains to be addressed relates to the func-
tion of the high levels of BACE1 expression in parts of the mature
cochlea. It seems conceivable that BACE1 is important for the
long-term maintenance or regeneration of axonal myelination
and of proper synaptic function in the cochlea and might be in
particular demand in the elderly to slow age-dependent hearing
decline. We cannot rule out that such favorable properties of
BACE1 might have remained undetected with our treatment pro-
tocol or will become only apparent in the inner ear of humans.
While the oral route of NB-360 application proved effective in
our hands to inhibit BACE1 activity in the mouse brain, indicat-
ing good blood-brain barrier permeability, it remains to be de-
termined whether the drug is equally well permeable across the
blood-labyrinth barrier, and if so, whether the pharmacokinetic
profile is comparable to that in the human cochlea. Until these
questions are resolved, clinical trials with BACEL inhibitors
would be well advised to consider regular hearing tests.
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The three members of the ether-a-go-go-gene-like (Elk; K,12.1-K,12.3) family of
voltage-gated KT channels are predominantly expressed in neurons, but only little
information is available on their physiological relevance. It was shown that K,12.2
channels modulate excitability of hippocampal neurons, but no native current could be
attributed to K,12.1 and K, 12.3 subunits yet. This may appear somewhat surprising,
given high expression of their mRNA transcripts in several brain areas. Native K,12
currents may have been overlooked so far due to limited knowledge on their biophysical
properties and lack of specific pharmacology. Except for Ky12.2, appropriate genetically
modified mouse models have not been described; therefore, identification of K, 12-
mediated currents in native cell types must rely on characterization of unique properties
of the channels. We focused on recombinant human K,12.1 to identify distinct
properties of these channels. We found that K, 12.1 channels exhibited significant mode
shift of activation, i.e., stabilization of the voltage sensor domain in a “relaxed” open
state after prolonged channel activation. This mode shift manifested by a slowing
of deactivation and, most prominently, a significant shift of voltage dependence to
hyperpolarized potentials. In contrast to related K, 11.1, mode shift was not sensitive to
extracellular Na*, which allowed for discrimination between these isoforms. Sensitivity
of Ky12.1 and K,11.1 to the broad-spectrum K* antagonist 4-aminopyridine was
similar. However, 4-AP strongly activated K, 12.1 channels, but it was an inhibitor of
Ky11 channels. Interestingly, the agonist of K,11 channels NS1643 also differentially
modulated the activity of these channels, i.e., NS1643 activated K,11.1, but strongly
inhibited K,12.1 channels. Thus, these closely related channels are distinguished
by inverse pharmacological profiles. In summary, we identified unique biophysical
and pharmacological properties of K,12.1 channels and established straightforward
experimental protocols to characterize K,12.1-mediated currents. Identification of
currents in native cell types with mode shift that are activated through 4-AP and inhibited
by NS1643 can provide strong evidence for contribution of K, 12.1 to whole cell currents.

Keywords: K, 10, K, 11, K, 12, HERG, mode shift, voltage-dependent potentiation, 4-aminopyridine, NS1643
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INTRODUCTION

The ether-a-go-go (Eag) superfamily of voltage-gated K*
channels comprises three evolutionary conserved families that
share high sequence homology: Ether-a-go-go (Eag; K, 10), ether-
a-go-go-related-gene (Erg; K,11) and ether-a-go-go-gene-like
(Elk; Ky12) channels (Bauer and Schwarz, 2001). The best-
studied member, K,11.1 (the human isoform is referred to
as HERG channel) mediates rapidly activating K current
Ixr in cardiac myocytes determining heart action potential
duration (Sanguinetti et al., 1995). Accordingly, loss of K,11.1
channel function through mutations or drug treatment causes
cardiac arrhythmia and sudden death in humans (Curran et al.,
1995; Sanguinetti et al., 1995; Trudeau et al., 1995). K,11
channels also mediate important K* currents in neurons of the
auditory brainstem (Hardman and Forsythe, 2009), the olfactory
bulb (Hirdes et al., 2009) and the midbrain (Ji et al., 2012).
Ky10.1 channels regulate cell cycle progression and proliferation
(Sanchez et al., 2016; Urrego et al., 2016), and are frequently
overexpressed in human cancers with poor prognosis (Pardo and
Stuhmer, 2014). Ky10.1 channel mutations cause developmental
disorders and epilepsy (Kortum et al., 2015; Simons et al., 2015).

In contrast to K10 and K11 channels, only little information
on physiological relevance is available for the three members of
the K12 family that are expressed predominantly in neurons
(Engeland et al., 1998; Shi et al., 1998; Miyake et al., 1999;
Trudeau et al, 1999; Saganich et al., 2001; Zou et al, 2003).
Ky12.2 channels regulate excitability in pyramidal neurons of
hippocampus in mice (Zhang et al., 2010), but no native
current component could be attributed to Ky12.1 and K,12.3
subunits despite expression of their mRNA transcripts in several
brain areas (Shi et al., 1998; Miyake et al., 1999; Saganich
et al., 2001; Zou et al.,, 2003). We consider that K12.1/K12.3-
mediated currents in neurons were overlooked so far due to
insufficient knowledge on biophysical properties and lack of
specific pharmacological tools.

Recently, it was shown that K,12.1 channels exhibit mode
shift of activation (also termed pre-pulse facilitation or voltage-
dependent potentiation) (Li et al., 2015; Dai and Zagotta,
2017). Mode shift denotes time-dependent stabilization of
the voltage sensor domain in a “relaxed” open state after
prolonged channel activation through depolarized (conditioning)
membrane potentials (Bezanilla et al., 1982; Villalba-Galea et al.,
2008). It manifests by slowing of deactivation and a shift
of voltage dependence to hyperpolarized potentials (Li et al,
2015; Dai and Zagotta, 2017). Accordingly, when measured
with routine voltage clamp protocols (e.g., holding potentials
of —60 mV) human K;12.1 channels mediate “conventional”
K™ currents that activate similar to many other K, channels
with voltages at half-maximal activation of around —30 mV
(c.f. Figure 1) (Li et al, 2015). These currents could easily
go unnoticed in cell types expressing different endogenous K*
currents. Taking into account their mode shift, appropriate
voltage protocols (e.g., depolarized holding potentials) may
uncover Ky12-mediated currents. However, it remains to be
explored whether mode shift can be detected in cells expressing
various Kt currents and whether it may be employed to

identify native K12.1 channels. Mode shift is not an exclusive
feature of K,12.1 channels, but has been demonstrated also
for voltage-gated Na™ channels (Bezanilla et al.,, 1982), HCN
(Mannikko et al., 2005; Bruening-Wright and Larsson, 2007),
Shaker (Olcese et al., 1997; Tilegenova et al., 2017), and Ky11.1
(Ergl) channels (Piper et al., 2003; Tan et al., 2012; Goodchild
etal, 2015). Nevertheless, it may constitute a prominent hallmark
to distinguish K, 12 channels from other KT current components
in native tissue.

Here we describe biophysical and pharmacological
properties of Ky12.1 channels and demonstrate straightforward
experimental protocols that may be employed to identify K12
currents in neurons. We show, that these properties allowed
detection of K,12.1-mediated currents in cells expressing a
variety of different K™ channels. Our findings may be utilized to
identify physiological roles of K, 12.1 channels.

RESULTS

Voltage-Dependent Mode Shift of Human
Ky12.1 Channels

Mode shift of human K 12.1 channels was recently demonstrated
(Li et al.,, 2015), but a detailed characterization is currently not
available. In order to identify exclusive properties of human
Ky12.1 channels, we thus set out with detailed biophysical
analysis of these channels in an overexpression system. In CHO
cells, activation of Ky12.1 channels through depolarizing voltage
steps produced robust outwardly rectifying currents (Figure 1A)
(Zou et al., 2003; Li et al., 2015; Dai and Zagotta, 2017). Channel
deactivation at hyperpolarized potentials was best described
by double exponential kinetics, and deactivation slowed down
with more depolarized pre-potentials (Figures 1B,C). When we
activated Ky12.1 channels at 0 mV for different time intervals, tail
current amplitudes increased (Figures 1D,E) and deactivation
slowed down with the duration of the pre-pulse (Figure 1F). Tail
current increase and slowing of deactivation saturated at a pulse
duration of about 200 ms and 400-500 ms, respectively.

We then analyzed voltage dependence of human K,12.1
channels with voltage protocols established previously to study
mode shift of related Ky11.1 (Tan et al, 2012). We applied
depolarizing holding potentials (conditioning potentials; 200 ms)
before a series of activating voltage steps (pulse potentials from
—140 mV to +10 mV; 600 ms) (Figure 1G and Supplementary
Figures 1A-C). To minimize time intervals at hyperpolarized
potentials that may counteract mode shift (c.f. Villalba-Galea,
2017), we at start recorded tail currents at correspondingly
depolarized potentials (Figures 1G-I). In these experiments,
amplitudes of K,12.1-mediated outward currents were similar
irrespective of conditioning potentials. This indicated that
comparable steady-state channel activation was reached with
all voltage protocols (Supplementary Figures 1A-C). After a
conditioning potential of —60 mV, voltage dependence of K,12.1
channels also did not change relevantly upon extension of the
activating steps to 4000 ms (Figures 1J,K). This additionally
demonstrated that steady-state activation of K,12.1 channels
was already reached by activating pulses as short as 600 ms.
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FIGURE 1 | Voltage-dependent mode shift of human K, 12.1 channels. (A) Representative patch clamp recording of a CHO cell transiently transfected with human
Ky12.1 channels measured with the indicated voltage protocol. (B) Representative tail currents elicited at =120 mV after activating pulses of -60 mV (black) and
+10 mV (red). Currents were normalized to maximum amplitude for visualization of deactivation kinetics (currents from recording shown in A). (C) Tail current
deactivation was best described by double exponential kinetics: Tau1 and tau2 were derived from double-exponential fits to the decaying phase of tail currents
(voltage protocols as in A). Deactivation slowed down with channel activation at more depolarized potentials. (D-F) When K, 12.1 channels were activated at 0 mV
for different time intervals, (E) tail current amplitudes increased and (F) deactivation slowed-down with pre-pulse duration. Tail current increase and slowing of
deactivation saturated at a pulse duration of about 200 ms and 400-500 ms, respectively (D shows a representative recording). (G-lI) Analysis of voltage
dependence of recombinant K,12.1 channels. (G) Voltage protocols consisted of a 200 ms conditioning potential step to —120 mV (blue), -60 mV (black), 0 mV (red),
or +40 mV (orange), followed by 600 ms activating pulse potentials from =140 to +10 mV (10 mV increments). In these experiments, tail currents were elicited either
at—120 mV or at 0 mV (for representative recordings see Supplementary Figures 1A,C). (H) Summary of voltage dependence of human K, 12.1 channels derived
from Boltzmann fits to individual recordings as shown in Supplementary Figures 1A,C (solid line represents a Boltzmann fit to averaged data). Depolarized
conditioning potentials of +40 and 0 mV induced a large shift of voltage dependence to hyperpolarized potentials. (I) shows mean V}, of channel activation in
dependence of conditioning potentials (derived from fits shown in H). (J,K) Upon extension of the activating pulses from 600 ms (filled black squares) to 4000 ms
(open black squares), voltage dependence of recombinant K,12.1 channels was not significantly changed when measured after a conditioning pulse of -60 mV.
However, extension of the activating pulse to 4000 ms significantly shifted voltage dependence of K, 12.1 channels to depolarized potentials after conditioning
voltage of 0 mV (P < 0.01; open red squares). For data shown in (J) eight independent recordings were averaged (each cell measured with all four voltage
protocols). There was no significant difference between corresponding data in (J,K) and (H,l) (conditioning potential -60 mV, 600 ms).
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For 600 ms activating pulses, half-maximal voltages of activation
(Vp) were —29.3 £ 2.3 mV and —24.1 £ 1.6 mV for negative
conditioning potentials of —120 mV or —60 mV, respectively
(n = 7; 600 ms activating pulses; Figures 1H,I). When cells
were held at depolarized conditioning pulses of 0 mV or
440 mV, Vj, was —85.3 £ 0.9 mV and —87.6 + 0.8 mV,
respectively (Figures 1H,I; 600 ms activating pulses). In these
experiments, slope factors derived from Boltzmann fits to
the recordings changed from —15.7 £ 0.7 mV (conditioning
pulse of —120 mV) and —164 + 09 mV (—60 mV)
to —86 = 0.1 mV (0 mV) and —89 =+ 0.6 (+40 mV)
(n = 7; Supplementary Figure 1D; 600 ms activating pulses).
Accordingly, depolarizing conditioning potentials induced a
large shift of voltage dependence by about —60 mV, and the full
shift occurred across a potential range of 60 mV (between holding
potentials of —60 and 0 mV). In analogous experiments, the same
conditioning voltages shifted Vy, of related Ky 11.1 channels from
—6.8 £+ 4.4 mV (conditioning voltage —60 mV) to —62.4 + 1.5
(conditioning voltage 440 mV; n = 7; Figures 2A,B), consistent
with a previous report (Tan et al., 2012).

We next tested whether mode shift was sensitive to the
employed voltage protocol. Therefore, we again applied 200 ms
depolarized conditioning pulses, but this time we extended the
activating pulses to 4000 ms (Figures 1J,K). When in these
experiments cells were held at conditioning pulses of —60
and 0 mV, V;, was —43.3 £+ 2.5 mV and —66.8 £+ 1.5 mV,
respectively (Figures 1J,K). Thus, mode shift of K,12.1 channels
was readily induced also when activating the channels for
4000 ms. However, the extent of mode shift was significantly
reduced in these experiments compared to experiments with
600 ms activating pulses (Figure 1K; P > 0.01), i.e., increased
time intervals at hyperpolarized holding potentials during these
protocols presumably counteracted development of mode shift.
Similarly, the extent of mode shift was reduced when we
activated channels for 600 ms after conditioning pulses of
—60 and 0 mV, but recorded tail currents at hyperpolarized
holding potentials (—120 mV; Supplementary Figures 1E,F), i.e.,
we introduced additional hyperpolarizing potentials after every
activating pulse. Thus, also in these experiments hyperpolarizing
holding potentials between the conditioning pulses reduced the
expression of mode shift.

Taken together, human K,12.1 channels exhibited significant
voltage-dependent mode shift that in response to depolarized
holding potentials manifested by slowed channel deactivation
and by a large hyperpolarizing shift of voltage dependence.
This mode shift of K,12.1 channels can be induced robustly
employing different voltage protocols, but the extent of mode
shift significantly varies with duration of hyperpolarized holding
potentials.

In Contrast to K,11.1, K,12.1 Channels
Are Insensitive to Extracellular Nat

Inhibition of Kyll channels by extracellular Na® is well
established (Numaguchi et al, 2000; Sturm et al., 2005)
and a hallmark used to identify Kyll-mediated currents
in neurons (e.g., Hardman and Forsythe, 2009). In control

experiments, replacement of extracellular Na™ with NMDG
without altering extracellular K™ concentration slightly increased
Ky11.1-mediated outward currents (Figure 2A), as previously
reported (Numaguchi et al., 2000). Upon removal of extracellular
Na™, activation voltage range of K,11.1 channels conditioned
at —60 and +40 mV shifted to hyperpolarized potentials by
—244 £ 1.5 mV and —13.9 £ 0.7 mV, respectively (n = 7;
Figures 2B,C). Accordingly, overall mode shift of voltage
dependence was attenuated from —55.7 & 4.4 mV under control
conditions to —45.1 &+ 3.5 mV in absence of extracellular Na™
(n=7; P <0.05). We then tested whether related K, 12.1 channels
also exhibited such Na%t sensitivity. We found that neither
current amplitudes nor voltage dependence of K,12.1 channels
were affected by removal of extracellular Na™ (Figures 2D-F).
Consequently, the extent of mode shift was also insensitive to
changes of the Na™t concentration. To conclude, despite the high
similarity in mode shift behavior, the absence of Na* sensitivity
in Ky12.1 channels distinguishes K,11.1-mediated currents from
Ky 12.1.

Ky12.1 Channels Are Not Sensitive to K,
Channel Blockers E-4031, XE991, and
TEA

We then evaluated whether K,12.1 channels were sensitive to
channel inhibitors that are widely used to attribute neuronal
K™ currents to particular channel families. At concentrations
generally applied to inhibit established target channels, human
Ky12.1 channels were insensitive to both E-4031 (20 uM), a
specific inhibitor of Ky11 channels (Supplementary Figures 2A,B)
(Trudeau et al, 1995), and XE991 (10 pM), a specific
antagonist of neuronal K,7 (KCNQ) channels (Supplementary
Figures 2D,E) (Wang et al, 1998). Ky12.1-mediated currents
were also insensitive to E-4031 and XE991 concentrations up
to 100 pM (Supplementary Figures 2C,F). Ky12.1 channels also
were not affected by the broad-spectrum K™ channel inhibitor
tetraethylammonium (TEA) at a concentration that completely
inhibited K,7.2 channels (5 mM; Supplementary Figures 2G,H)
(Hadley et al., 2000). However, Ky12.1 channels were slightly
inhibited by 50 and 100 mM TEA (IsommTEA/Istart = 0.90 &£ 0.01;
I1oomM TEA/Istart = 0.83 & 0.01; n = 9; Supplementary Figure 2I).
Of note, low sensitivity of Ky12.1 channels to E-4031 and TEA
has been shown in an early report (Shi et al., 1998). In summary,
E-4031, XE991 and TEA cannot be used to inhibit K,12.1
channels in native tissue, but may be used to isolate K,12.1
channel activity through inhibition of other K channels.

The Broad-Spectrum Kt Channel
Antagonist 4-Aminopyridine (4-AP)
Activates K,12.1

We then tested whether human K, 12.1 channels were sensitive
to 4-AP, another established antagonist of several K, families
(Gutman et al., 2005). Surprisingly, 4-AP at a concentration well
in the range often used to isolate neuronal K™ currents (3 mM;
e.g., Marcotti et al., 2003) increased Ky12.1-mediated steady-
state and tail currents within seconds (Figures 3A-C). Current
potentiation was the same for conditioning pulses of —60 and
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FIGURE 2 | K, 12.1 are not sensitive to extracellular Na*. (A) Representative recordings from a CHO cell transiently transfected with K, 11.1 under control conditions
(left) and after removal of external Na™ (right). (B) K, 11.1 channels exhibit mode shift of activation, as previously reported. After conditioning potential of +40 mV
voltage dependence of K, 11.1 channels shifted to hyperpolarized potentials, compared to conditional potential of -60 mV [solid lines represent a Boltzmann fit to
averaged data; from recordings as shown in (A)]. Upon removal of extracellular Na*, voltage dependence of K, 11.1 shifted to hyperpolarized potentials after
conditioning potentials of —60 and +40 mV. (C) Shows averaged shifts of V}, (AV},) for conditional potentials of -60 and +40 mV after removal of extracellular Na*.
(D-F) Recombinant K,12.1 channels are insensitive to extracellular Na*. (D) Representative recordings of K, 12.1-mediated currents under control conditions (left)
and in absence of extracellular Na* (right). (E) Summary of voltage dependence of K, 12.1 channels derived from experiments presented in (D). Note that neither
current amplitudes nor voltage dependence of K, 12.1 channels were affected by removal of extracellular Na™. (F) shows that removal of extracellular Na* did not
shift Vi, (AV},) of activation of K,12.1 channels. In these experiments, Na* in the extracellular solution was replaced by NMDG without changing extracellular K+
concentration.

0 mV, and 4-AP potentiated currents at all holding potentials
positive to —60 mV (Figure 3C). 4-AP-dependent current
increase was reversible within 2-3 min after washout of the drug
(Figure 3D). 4-AP (3 mM) not only potentiated K, 12.1-mediated
currents, but also significantly shifted the voltage dependence
of Ky12.1 channels to hyperpolarized potentials (Figure 3E).
Compared to control recordings measured before application of
the substance, 3 mM 4-AP shifted Vi, by —19.7 £ 1.7 mV (n=7;
P < 0.001) and by —10.4 £+ 1.5 mV (n = 7; P < 0.001) after
condition voltage pulses of —60 and 0 mV, respectively. Thus,
the shift of V}, was significantly more pronounced for currents
conditioned at —60 mV (P < 0.01; c.f. Figure 3E).

We then analyzed the dose-response relationship of 4-AP
action on Ky12.1 channels. As 5 and 10 mM 4-AP increased pH
of the solution to about 8.1 and 9.0, respectively, we adjusted pH
of these solutions to 7.4 after addition of 4-AP. Of note, 3 mM
4-AP or lower 4-AP concentrations did not alter the pH of the
solution relevantly and thus no adjustment of pH was necessary.
Under these experimental conditions, 4-AP potentiated K,12.1
currents in a concentration-dependent manner with an ECsg
of about 2.1 and a Hill coefficient of about 0.8 (Figure 3F,
red trace). In contrast, Ky11.1 channels were inhibited by 4-AP
with an ICsy of approximately 2.6 mM and a Hill coefficient

of about 0.7 (Supplementary Figure 3), consistent with previous
reports (e.g., Ridley et al., 2003). Thus, despite inverse effects
of 4-AP on K,12.1 and Ky11.1, the sensitivity of both channels
to 4-AP was quite similar. When we applied 5 mM or 10 mM
4-AP without adjusting pH, we found that these concentrations
activated K,12.1 channel even stronger than at physiological pH
(Figures 3E,G). Without adjusting pH at higher concentrations,
the ECsp was about 3.1 and the Hill coefficient was 0.9 (Figure 3F,
black trace). As in line with a previous study (Kazmierczak et al.,
2013) increasing pH of the extracellular solution from 7.4 to
8.1 or 9.0 without addition of 4-AP did not potentiate K,12.1-
mediated steady-state currents (Figure 3G), these data suggested
that 4-AP activated K12.1 channels more efficiently at more
alkaline pH. Indeed, increasing pH of the extracellular solution
containing 3 mM 4-AP to 8.1 further increased Ky 12.1-mediated
steady-state outward currents (Figure 3H).

Ky12.1 Channels Are Also Activated by

Isomeric Aminopyridines

Several other aminopyridines have been shown to inhibit
voltage-gated K' channels, albeit antagonistic efficiency of
these substances was lower than that of 4-AP (Robertson
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FIGURE 3 | 4-AP potentiates currents through human K,12.1 channels. (A,B) Representative recordings from a CHO cell transiently transfected with K,12.1 before
(left) and after extracellular application of 3 mM 4-AP (right) after conditioning pulses of (A) =60 mV and (B) 0 mV. (C) 4-AP-dependent activation of K,12.1-mediated
steady-state outward currents was independent on employed voltage protocols (summary of recordings as presented in A,B). 4-AP potentiated currents at all
holding potentials positive to -60 mV. (D) 4-AP-dependent potentiation of K, 12.1 currents was reversible, as current amplitudes returned to control levels within

2-3 min after removal of the substance [shown are representative recordings under control conditions (gray), after application of 3 mM 4-AP (green) and at different
time points (30, 90, and 150 s) after washout of 4-AP]. (E) 3 mM 4-AP shifted the voltage dependence of human K,12.1 channels to hyperpolarized potentials (open
squares) [the panel shows Boltzmann fits to averaged data; data obtained from recordings as shown in (A,B)]. (F) 4-AP activated K, 12.1 channels in a
dose-dependent manner. When pH of the extracellular solution was adjusted to 7.4 at higher 4-AP concentrations, the ECsp was about 2.1 mM and the Hill
coefficient was about 0.8 (red trace). When pH of the solutions was not adjusted, the ECso was about 3.1 and Hill coefficient was 0.9 (black trace). Parameters were
derived from fits of averaged data to a Hill equation described in Section “Materials and Methods” (solid line represents fit; note that addition of 4-AP to 5 and 10 mM
4-AP increased the pH of the solution to 8.1 and 9.0, respectively). (G) Increasing the pH of the extracellular solution from 7.4 to 8.1 or 9.0 without addition of 4-AP

solution was increased to pH 8.1.

did not increase K, 12.1-mediated steady-state currents. In contrast, application of 5 mM or 10 mM 4-AP in extracellular solution without adjusting pH activated
Ky12.1 channels even more strongly than when pH of the solution was adjusted to pH 7.4. (H) Application of 3 mM 4-AP that does not change pH of the
extracellular solution strongly potentiated K, 12.1-mediated currents. Current potentiation through 3 mM 4-AP was further increased when the pH of the extracellular

and Nelson, 1994; Sedehizadeh et al., 2012; Strupp et al,
2017). We thus wondered whether we could identify isomeric
aminopyridines that activated K12.1, at best without affecting
other K channels. We found that 2-aminopyridine (2-AP) and
3-aminopyridine (3-AP) potentiated K,12.1-mediated currents
at a concentration close to the ECsy of 4-AP (3 mM) by about
20% (P < 0.001) and 7% (P < 0.001), respectively (Figure 4). At
the same concentration 3,4-diaminopyridine (3,4-DAP; 3 mM)
was ineffective. Hence, 2-AP (P < 0.01) and 3-AP (P < 0.001)
activated Ky12.1 channels significantly less than 4-AP mirroring

efficacy of inhibition of other K channels by these substances
(Robertson and Nelson, 1994; Sedehizadeh et al., 2012; Strupp
etal., 2017).

NS1643, an Activator of K,11 Channels,

Inhibits K,12.1 Channels

We then turned to NS1643, a partial agonist of the K11
channel family (Casis et al., 2006). As shown earlier (c.f. Hansen
et al., 2006), NS1643 (30 uM) slowed channel deactivation and
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FIGURE 4 | Activation of human K,12.1 channels by isomeric aminopyridines. (A) Representative whole cell currents through human K, 12.1 channels elicited by
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end of the activating pulse). At the same concentration (all 3 mM), 2-AP and 3-AP significantly potentiated K, 12.1-mediated currents, albeit to a lower extent than
4-AP (*P < 0.01; **P < 0.001).

potentiated Ky 11.1-mediated outward currents (Figures 5A-C).
In contrast, the same concentration of NS1643 (30 wM)
completely inhibited K,12.1 channels with a time constant of
16.8 £ 2.6 s (n = 7; Figures 5A-C). When we applied only
10 wM NS1643, a concentration close to the reported ECsy of
NS1643 for activation of Ky11.1 channels (Casis et al., 2006),
Ky12.1-mediated currents were reduced to 37.1 & 4.1% of initial
current amplitudes. Inhibition of currents by 10 uM was much
slower than when 30 WM NS1643 was applied (n = 6; compare
Figure 5B and Supplementary Figure 4). We then analyzed
voltage dependence of residual K 12.1 currents in the presence of
10 wM NS1643 (Figures 5D-F): Application of NS1643 (10 wM)
shifted Vi, by +8.8 + 29 mV (n = 6; P < 0.05) and by
+21.7 £ 52 mV (n = 6; P < 0.01) after condition voltage pulses
of —60 and 0 mV, respectively (Figures 5D-F). At the same
time, slope factors changed by +8.0 & 1.5 mV (conditioning
pulse of —60 mV; n = 6; P < 0.05) and —1.8 £ 0.9 mV
(conditioning pulse 0 mV; n = 6; P < 0.01). Furthermore, NS1643
(10 wM) significantly accelerated deactivation of K,12.1 channels
at hyperpolarized potentials (Figures 5G,H; P < 0.05; n = 6).

Identification of K,12.1 Currents in Cells

Expressing Different Kt Currents

Our results suggested that voltage-clamp protocols designed to
detect mode shift in combination with pharmacology using 4-
AP or NS1643 should provide a robust approach for isolation
of Ky12.1-mediated currents in native cell types. As proof of
principle, we sought to isolate Ky12.1 channel activity in cells
expressing different K™ channels (Figure 6). To this end, we
co-expressed Ky12.1 channels together with Ky11.1 and typical
neuronal Kt channels (K,7.2, K,7.3 and Kir2.1). In these
experiments, CHO cells were transiently transfected with equal
amounts of plasmid DNA encoding the channel subunits (see
section “Materials and Methods” for details). We first analyzed
whether we could isolate Kir2.1- and K,7-mediated currents in
those cells. In all cells tested, we found large inward currents at

hyperpolarized potentials and XE991-sensitive outward currents
at depolarized potentials demonstrating expression of functional
Kir2.1 and K7 channels, respectively (Supplementary Figure 5).
As measure for abundance of Ky11.1 and K;12.1 channels,
we then tested whether we could detect mode shift of voltage
dependence in the mix of K* currents. As determined from whole
cell currents, V}, was —6.7 & 1.3 mV and —80.0 + 2.1 mV
after conditioning potentials of —60 and 0 mV, respectively
(n = 7; Figures 6A-C). Thus, mode shift of channels expressed
in these cells (Ky11.1 and K 12.1 channels) was readily detectable
even among a complement of different voltage-dependent K+
channels. We next attempted to isolate Ky12.1-mediated currents
among the mixture of Kt channel by making use of the
pharmacological profile established above. 4-AP (3 mM) shifted
the voltage dependence of whole cell currents by —8.5 + 0.9 mV
(n=7; P <0.001) and by —12.3 £ 23 mV (n = 7; P < 0.05)
to hyperpolarized potentials after conditioning voltages of —60
and 0 mV, respectively (Figures 6B,C). Thus, although being
less pronounced than for K12.1 channels alone (Figure 6C),
the 4-AP-induced shift of voltage dependence was readily
detectable in the mixed K current situation. At the same time,
4-AP (3 mM) potentiated whole cell currents elicited at —60
and 0 mV to about 210% and 140% of baseline amplitudes,
respectively (Figures 6A,D-F). Finally, we applied 30 uM
NS1643 (on top of 4-AP) to the same cells and found that the
substance inhibited outward currents and inward tail currents
(Figures 6A,D,E). NS1643 also slowed deactivation kinetics of
remaining currents (c.f. Figure 6A) indicating that NS1643-
sensitive and functional Ky 11.1 channels were expressed in these
cells.

Taken together, using abovementioned experimental protocols
we could unequivocally identify properties of K,12.1 channels
(mode shift, 4-AP and NS1643 sensitivity) among a mixture
of K* currents. These results therefore suggest that the same
protocols may be used to assign K* current components to
Ky12.1 channels in complex (native) cellular/neuronal settings.
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FIGURE 5 | Human K, 12.1 channels are inhibited by NS1643. (A) Representative recordings of recombinant K, 11.1 (left) and K, 12.1 (right) channels before (black)
and after (colored) application of 30 WM NS1643 (voltage protocol as indicated). (B) Averaged time course of the amplitudes of outward currents mediated by K,11.1
(black) and K, 12.1 (red) channels upon application of 30 tM NS1643. NS1643 activated K,11.1 channels [as previously reported; (Casis et al., 2006; Hansen et al.,
2006)], but completely inhibited K,12.1 channels (data were derived from recordings as in A). (C) Summarized effects of NS1643 on K,11.1 and K, 12.1 channels.
10 wM NS1643 did not completely inhibit K, 12.1 channels allowing for further analysis of remaining currents. The time course of K,12.1 current inhibition by 10 wM
NS1643 is shown in Supplementary Figure 4. (D-F) Voltage dependence of K, 12.1 channels changes through application of 10 uM NS1643. (D) Representative
recordings of K, 12.1 channels after conditioning potential of 0 mV before (top) and after (bottom) application of 10 uM NS1643 (for clarity only these recordings are
shown). (E) 10 wM NS1643 significantly shifted voltage dependence of K, 12.1 channels to depolarized potentials (solid lines represent Boltzmann fits to averaged
data). (F) Shows averaged shifts of V}, (AV},) induced by 10 uM NS1643 for currents conditioned at -60 and 0 mV. (G,H) NS1643 significantly accelerated K,12.1
channel deactivation. (G) Representative normalized tail currents elicited at =120 mV after activation at -20 mV before (control, black) and after (red) application of
10 pM NS1643. (H) Shows averaged time constants of deactivation before and after application of NS1643 (10 uM) (*P < 0.05; **P < 0.01).

DISCUSSION

The three members of the ether-d-go-go-like channel family of
voltage-gated K* channels (K,12.1-K12.3) are predominantly
expressed in neurons, as shown by mRNA transcripts in
several brain areas including cerebral cortex and hippocampus
(Miyake et al, 1999; Trudeau et al, 1999; Saganich et al,
2001; Zou et al, 2003), as well as in sympathetic ganglia
(Shi et al., 1998). However, neuronal current components
and their physiological relevance have been resolved for

Ky12.2 subunits exclusively: as demonstrated by application
of a selective inhibitor, K,12.2 activity controls resting
membrane potential and spontaneous firing of pyramidal
neurons in hippocampus (Zhang et al, 2010). Also, in
Ky12.2 knock-out mice it was shown that K;12.2 channels
regulate hippocampal excitability (Zhang et al, 2010) and
may be important for processing of spatial working memory
(Miyake et al., 2009). However, it is not known whether K12
channels mediate relevant currents in any other physiological
system.
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FIGURE 6 | Detection of K, 12.1 channel activity in cells expressing various K* currents. (A) Representative recordings of a CHO cell expressing different K* channel
subunits (K,7.2, K,7.3, Ky11.1 and Kir2.1) together with K, 12.1 under control conditions (left), upon application of 3 mM 4-AP (middle) and of 4-AP together with
30 M NS1643 (right) (voltage protocol as indicated). (B) Voltage dependence of whole cell currents in cells expressing the mix of K* channel subunits. V}, of whole
cell currents was —6.7 &+ 1.3 mV (black filled squares) after conditioning potential of -60 mV. When cells were held for 200 ms at a conditioning potential of 0 mV
before the activation pulses, V}, of whole cell currents was —-80.0 £ 2.1 mV (red filled squares). Application of 3 mM 4-AP shifted voltage dependence to
hyperpolarized potentials for both conditioning potentials (open squares; graph displays Boltzmann fits to averaged data as solid lines). (C) 4-AP (3 mM)-induced
shift of V}, to hyperpolarized potentials shown for cells expressing the mix of K* channels (red squares) in comparison to cells expressing only K, 12.1 (black circles).
The 4-AP-induced shift of voltage dependence after conditioning voltage of -60 mV was smaller than in cells expressing only K,12.1 channels. Data for K, 12.1 alone
were derived from experiments also shown in Figure 3E. (D,E) Summary of time course and current amplitudes in cells expressing a mix of K* channels during
during application of 4-AP and NS1643 (together with 4-AP). (D) Representative current traces recorded in cells expressing a mix of K+ channels before (black),
during application of 3 mM 4-AP (blue) and during application of 3 mM 4-AP together with 30 WM NS1643 (orange). (E) Averaged time course of current amplitudes
upon application of 3 MM 4-AP and 30 uM NS1643 for CHO cells expressing K,12.1 channels alone (black) and the mix of K* channels (red) (data obtained from
recordings as presented in D). (F) Summarized 4-AP-induced potentiation of steady-state outward currents for cells expressing K, 12.1 channels together with a mix
of neuronal K* channels. Data were derived from recordings as presented in (D), and currents elicited at -60 mV and at 0 mV were analyzed.

Here, we focused on recombinant human K;12.1 to identify
distinct biophysical and pharmacological properties allowing for
attribution of native currents to these channels.

Human K,12.1 Channels Exhibit Mode
Shift of Activation

Mode shift of activation was recently demonstrated for K,12.1
channel isoforms of humans and zebrafish heterologously
expressed in Xenopus laevis oocytes (Li et al, 2015; Dai and
Zagotta, 2017). However, mode shift of these channels has
not been characterized in mammalian cells in detail yet. We
found that mode shift of human Ky12.1 was readily induced by
depolarized holding potentials between —60 and 0 mV and that
it manifested by slowed channel deactivation and a striking shift
of voltage dependence to hyperpolarized potentials. Deceleration
of deactivation is generally considered a biophysical hallmark of
mode shift, as channels undergo additional (time-consuming)
transitions from this “relaxed” (metastable) open state into

deactivation (Bezanilla et al., 1982; Villalba-Galea et al., 2008;
Corbin-Leftwich et al., 2016; Villalba-Galea, 2017). Similar to
Ky11.1 (Tan et al., 2012) and zebrafish K12.1 (Dai and Zagotta,
2017), mode shift of human K,12.1 channels manifested by a
striking —60 mV shift of voltage dependence. Thus, mode shift-
dependent hyperpolarizing shifts of voltage dependence were
qualitatively and quantitatively comparable for these three ion
channels. Of note, mode shift of K,12.1 channels was readily
induced using different voltage protocols, albeit the extent of the
hyperpolarizing shift of activation potentials varied considerably
with duration of hyperpolarized voltage steps. This demonstrated
high sensitivity of K,12.1 channels to the holding potential,
but also highlighted that voltage dependence of native K,12.1
currents might also vary with the used voltage protocols. In
contrast to zebrafish Ky12.1 (Dai and Zagotta, 2017), activation
of human K;12.1 channels did not exhibit prominent double
exponential kinetics that might indicate transition into a more
stable open conformation. However, human Ky 11.1 channels that
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beyond doubt exhibit mode shift do not display such kinetics
neither (Tan et al., 2012; Goodchild et al., 2015). This indicates
that either kinetics were masked by channel inactivation, or
transition was too fast in the human channel isoforms.

Time course of transition into the relaxed state varies
considerably between channels requiring depolarization for
minutes in Nay, (Bezanilla et al., 1982), seconds in Shaker
(Olcese et al.,, 1997) and some hundreds of milliseconds in
Ky11.1 channels (Piper et al, 2003). For human K12.1, we
found that also some hundreds of milliseconds of conditioning
depolarization was sufficient for significant alterations of voltage
dependence and kinetics. Thus, time course of development
of Ky12.1 mode shift was well in the range of that published
for Ky11.1 channels (Piper et al, 2003). As K,12.1 channels
are highly sensitive to changes of the holding potential, voltage
dependence of the channels strongly depends on the employed
voltage protocols. In fact, such protocol differences could account
for considerable variations in voltage dependence of K,12.1
channels reported in different studies (V}, close to 0 mV in Shi
etal., 1998;Vy, of about —60 mV in Zou et al., 2003).

Ky12.1 Channels Are Activated by 4-AP,
an Established K, Channel Inhibitor

4-AP is a rather selective blocker of voltage-gated K channels:
At micromolar concentrations, it reversibly inhibits activity of
Ky1 and K,3 family members, but at higher concentrations (in
the millimolar range) 4-AP also blocks other K channels (e.g.,
Ky11) (Gutman et al., 2005; Alexander et al., 2015). Thus, it was
somewhat surprising to find that 4-AP activates K,12.1 channels.
As an early study mentioned potentiation of K,12.3 through
4-AP without, however, showing any recordings (named rELK1;
Engeland et al., 1998), such 4-AP sensitivity may constitute a
general feature of the K12 family.

Earlier, it was shown that currents through K,2.1 channels
that are normally inhibited by 4-AP were potentiated by the
substance, but only when K6.4 subunits were co-expressed (Stas
et al.,, 2015). As K;2.1 and K6.4 co-assemble into functional
channels (reviewed in Bocksteins, 2016), this suggested that
K,6.4 largely determined altered 4- AP sensitivity of the resulting
heteromeric channels. 4-AP suppressed closed state inactivation
of K,2.1/K;6.4 resulting in exclusive current potentiation of
currents through those heteromers (Stas et al, 2015). In
contrast, Ky12.1 channels did not inactivate in our experiments,
and thus 4-AP probably does not potentiate K,12.1-mediated
currents through a similar mechanism. As 4-AP, in contrast to
K,2.1/K6.4 heteromers, also modulated voltage dependence of
Ky12.1, actions of 4-AP are probably even more complex for
these channels. Interestingly, a recent study demonstrated 4-AP-
dependent activation of K,7.4 channels (Khammy et al., 2017)
indicating that 4-AP-dependent activation of voltage-gated K*
channels may constitute a more frequent phenomenon than
expected. However, further work is needed to elucidate whether
other members of the K, channel superfamily also exhibit this
special 4-AP sensitivity.

Yet, we do not know whether 4-AP directly activates K,12.1
channels or whether an auxiliary subunit endogenously expressed

in CHO cells confers 4-AP activation to Ky12.1. Unfortunately,
at present nothing is known about physiologically relevant
interaction partners of K,12.1 channels. As K, channels (with
Ky2.1 as exception) normally do not form functional channels
with members of other K, families, heteromerization of K;12.1
channels with another pore forming « subunit apart from K,12.2
or Ky12.3 is quite unlikely (Zou et al., 2003). Accordingly, a
mechanism as shown for Ky2.1 is rather implausible, and it
is hard to imagine how a non-pore-forming auxiliary subunit
could reverse 4-AP sensitivity from inhibition to activation.
Furthermore, any endogenously expressed auxiliary subunit
would need to be expressed at high abundance to saturate
overexpressed Ky12.1 channels. Hence, a straightforward model
proposes direct activation of Ky12.1 channels through 4-AP.
However, we want to point-out that we cannot exclude indirect
actions on the channels at the moment.

NS1643, a “Specific” Activator of K, 11
Channels, Inhibits K,12.1

NS1643 is a well-characterized partial agonist of K,11 channels
that slows deactivation, increases tail-current amplitude, and
shifts voltage dependence of activation to hyperpolarized
potentials and voltage dependence of C-type inactivation to
depolarized potentials (Casis et al., 2006; Hansen et al., 2006).
At the same time, NS1643 exhibits weak antagonistic effects on
Ky11 channels as evident by an attenuation of drug-induced
current increase at higher concentrations (Casis et al., 2006;
Schuster et al.,, 2011). Ky11.3 channels are even inhibited by
higher concentrations of NS1643. For K,12.1 channels, NS1643
accelerated deactivation, inhibited outward and tail currents
and shifted voltage dependence of activation to depolarized
potentials (c.f. Figure 5). Thus, NS1643 affected K,11 and
Ky12.1 channels exactly in opposite directions. Similar to K,11.3
channels, NS1643 increased slope factor of voltage dependence
of Ky12.1 channels, even though already at lower concentrations.
This suggests that NS1643 similarly affects Ky11 and Ky12.1
channels, but antagonistic effects might dominate over activation
for Ky12.1. In line, the concentration range of NS1643 effects
was similar for these channel isoforms (Casis et al.,, 2006).
However, so far we cannot tell whether NS1643 also exhibits weak
agonistic effects on K,12.1 channels or whether NS1643 binds to
homologous regions in K11 and Ky 12.1 channels.

Conclusion and Outlook

As pharmacological tools and appropriate mouse models are
currently missing, identification of native K,12.1-mediated
currents critically depends on identification of unique biophysical
and pharmacological properties. Indeed, native currents were
successfully attributed to related K10 and K11 channels by
exploiting their unique activation kinetics (c.f. Cole-Moore
shift; e.g, Meyer and Heinemann, 1998) or exclusive Na™
sensitivity and pharmacology (Hirdes et al., 2005, 2009; Hardman
and Forsythe, 2009), respectively. Here, we present distinctive
pharmacological properties, and straightforward experimental
protocols that may be employed to isolate K,12.1 channel
activity in native tissue. As mode shift readily manifested in
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cells expressing various neuronal K™ currents, this experimental
protocol may be used to demonstrate expression of channels with
mode shift in native cell types. In neurons expressing various
K" current components, such changes of voltage dependence
may be easier to detect than associated changes of deactivation
kinetics. Such experiments may not provide definite proof for
Ky 12 channel expression. However, expression of mode shift may
be employed together with expression analyses, Na™ sensitivity,
activation through 4-AP and inhibition by NS1643 to narrow
down (or exclude) contribution of K12.1 channels to whole cell
currents. Identification of the combination of these properties
would provide strong evidence for expression and thus potential
physiological relevance of Ky12.1 channels.

MATERIALS AND METHODS

Cell Culture and Transfection

Chinese hamster ovary (CHO) dhFR™ cells were maintained
as previously reported (Leitner et al., 2016). Cells were kept in
MEM Alpha Medium supplemented with 10% fetal calf serum
(FCS) and 1% penicillin/streptomycin (pen/strep) (all Invitrogen
GmbH, Darmstadt, Germany) in a humidified atmosphere
at 5% CO, and 37°C. Transient transfection of cells was
done with jetPEI transfection reagent (Polyplus Transfection,
Illkirch, France). All experiments were performed 24-48 h after
transfection at room temperature (22-25°C). The expression
vectors used were: K;7.2-pBK-CMV (gene: human KCNQ2;
UniProt accession number: 043526), K,7.3-pBK-CMV (human
KCNQ3; 043525), K,7.4-pBK-CMV (human KCNQ4; P56696)
Ky11.1 (Ergl)-pcDNA3.1 (rat KCNH2; 008962), K,12.1(Elk1)-
pcDNA3.1-IRESeGFP (human KCNHS8; Q96142), Kir2.1-pBK-
CMV (human KCNJ2; P63252), and pEGFP-C1 (Addgene,
Teddington, United Kingdom). For recordings presented in
Figure 6 and Supplementary Figure 5, CHO cells were transiently
transfected with identical amounts of plasmids encoding K,7.2,
Ky7.3, K,11.1, K12.1, and Kir2.1 (0.6 pg of plasmid DNA for
every subunit).

Electrophysiological Recordings

Electrophysiological recordings were performed in the
whole cell configuration with an Axopatch 200B amplifier
(Molecular Devices, Union City, CA, United States) or
an HEKA EPC10 USB patch clamp amplifier HEKA
(Elektronik, Lambrecht, Germany) in voltage-clamp mode
(Leitner et al,, 2011). All recordings were low-pass filtered
at 2 kHz and sampled at 5 kHz. Currents were elicited by
voltage protocols indicated in the figures. Dashed lines in
representative recordings highlight zero current. Borosilicate
glass patch pipettes (Sutter Instrument Company, Novato, CA,
United States) were used with an open pipette resistance of
2-3 MQ after back-filling with intracellular solution. Liquid
junction potentials were not compensated (approximately
—4 mV). Series resistance (R;) typically was below 6 MQ
and compensated throughout the recordings (80-90%).
Whole cell currents are presented normalized to the cell
capacitance (current density; pA/pF) or as normalized to

baseline current amplitude (I/Igtart). Extracellular solutions
for most experiments contained (mM) 144 NaCl, 5.8 KCl,
1.3 CaCly, 0.9 MgCly, 0.7 NaH,PO4, 10 HEPES and 5.6
D-glucose, pH 7.4 (with NaOH), 305-310 mOsm/kg. In some
experiments, NaCl in the extracellular solution was substituted by
N-methyl-D-glucamine (NMDG; Sigma-Aldrich) (c.f. Figure 2).
The standard intracellular solution contained (mM) 135 KCl,
2.41 CaCl, (100 nM free Ca?*), 3.5 MgCl, 5 HEPES, 5 EGTA,
2.5 Na,ATP, pH 7.3 (with KOH), 290-295 mOsm/kg (Wilke
etal., 2014).

Substances
Tetraethylammonium  (TEA, Sigma), NMDG (Sigma),
4-aminopyridine (>99%; Sigma and Tocris Bioscience,

Bristol, United Kingdom), 2-aminopyridine (2-AP; Sigma),
3-aminopyridine (3-AP; Sigma), 3,4-diaminopyridine (3,4-DAP;
Sigma), 1,3-Bis-(2-hydroxy-5-trifluoromethyl-phenyl)-urea (NS
1643, Tocris), 10,10-bis(4-Pyridinylmethyl)-9(10H)-anthra-
cenone dihydrochloride (XE991, Tocris), and N-[4-[[1-
[2-(6-Methyl-2-pyridinyl)ethyl]-4-piperidinyl]carbonyl]phenyl]
methanesulfonamide dihydrochloride (E-4031, Tocris) were
diluted in extracellular solution to concentrations indicated in
“Results.” All substances were applied locally via a glass capillary
through a custom-made application system.

Note on 4-AP Solutions

4-AP did not significantly change the pH of the extracellular
solution at concentrations below 3 mM. After dilution of the
substance, pH of the extracellular solution containing 5 mM or
10 mM 4-AP typically was about 8.1 or 9.0, respectively. As
indicated in “Results,” in some experiments the pH of solutions
containing 5 and 10 mM 4-AP was adjusted to 7.4 after dilution of
4-AP. At the concentration applied in the present study (3 mM),
isomeric aminopyridines did not change pH of the extracellular
solution (c.f. Figure 4).

Data Analysis

Patch clamp recordings were analyzed with PatchMaster (HEKA)
and IgorPro (Wavemetrics, Lake Oswego, OR, United States).
Voltage dependence of activation was derived from tail
current amplitudes using voltage protocols indicated: Tail
currents were fitted with a two-state Boltzmann function with
I = Imin + (Imax — Imin)/(I + exp((V — Vy)/s)), where I is
current, V is the membrane voltage, V}, is the voltage at half
maximal activation, and s describes the steepness of the curve.
Results are shown as conductance-voltage curves, obtained by
normalizing t0 (Imax — Imin), obtained from fits to data of
individual experiments. Time constants of deactivation were
derived from double-exponential fits to deactivating current
components at indicated potentials. For dose-response relations,
current potentiation at 0 mV (normalized to baseline) was fitted
to a Hill equation with I/Ty = Iy + (Imax—1Ip)/(1 + (ECs0/[S])™H),
where I is the (normalized) current, I}, and Iy, denote minimal
and maximal currents at low and high drug concentrations,
ECsp is the concentration at the half maximal effect, [S] is the
drug concentration and nyy is the Hill coefficient (Leitner et al.,
2012).
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Statistical Analysis

Isolated cells under investigation were randomly assigned to
different treatment groups. Data recordings and analysis for
experiments presented were not performed in a blinded manner.
For some experiments, single recordings were normalized to base
line values individually to account for baseline variations between
cells. Statistical analysis was performed using two-tailed Student’s
t-test/ Wilcoxon-Mann-Whitney test, and when appropriate
comparisons between multiple groups were performed with
ANOVA followed by Dunnett test. Significance was assigned at
P <0.05 (*P < 0.05, **P < 0.01, ***P < 0.001). Data subjected
to statistical analysis have n over 5 per group and data are
presented as mean = SEM. In electrophysiological experiments,
n represents the number of individual cells and accordingly the
number of independent experiments (no pseudo-replication).
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Supplementary Figure 1. Measuring activity of human Kv12.1 channels in CHO cells.
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Supplementary Figure 1. Measuring activity of human Kv12.1 channels in CHO cells.

(A+C) Representative recordings of human Ky12.1 channels transiently expressed in CHO cells
measured with the following voltage protocols (c.f. Figure 1G): a 200 ms conditioning potential step
to -120 mV (blue), -60 mV (black), 0 mV (red), or +40 mV (orange) was followed by 600 ms
activating pulses at potentials from -140 mV to +10 mV (+10 mV increments). Tail currents were
elicited at potentials that corresponded to conditioning pulses (-120 mV or 0 mV). Current traces for
conditioning potential of -60 mV are also as shown in Figure 1A. (B) Summary of steady-state outward
currents obtained from recordings as presented in (A). Amplitudes of outward currents were the same
for all protocols indicating that channels were comparably activated with all voltage protocols.
(D) Slope factors derived from Boltzmann fits to the recordings changed with conditioning potentials.
Slope factors were derived from recordings as shown here in (A+C) and in Figure 1G-I.
(E+F) Mode shift of human Ky12.1 channels was sensitive to the employed voltage protocol: In these
experiments, tail currents were measured at hyperpolarized potentials (-120 mV) after 600 ms
activating pulses from -140 mV to +20 mV (10 mV increments) and 200 ms conditioning potentials of
-60 mV or 0 mV. (E) shows representative recordings of human Ky12.1 channels measured with these
protocols and (F) shows the summary of voltage dependence of human Ky12.1 channels (solid line
represents a Boltzmann fit to averaged data). Depolarized conditioning potentials of 0 mV induced a
large shift of voltage dependence to hyperpolarized potentials also in these experiments. In these
experiments, Vh was -29.8 £1.3 mV and -61.8 +1.1 mV after conditioning pulses of -60 mV and 0 mV,
respectively (n=4, data derived from fits shown in (F) and recordings shown in (E)).
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Supplementary Figure 2. Kv12.1 channels are not sensitive to E-4031, XE991, and TEA.

(A, D, G) Representative recordings of CHO cells transiently transfected with (A) Ky1l.1,
(D) Kv7.4 and (G) K7.2 before (black) and after (red) application of (A) E-4031, (D) XE991 and
(G) TEA (voltage protocols as indicated). These channels are well established targets of the respective
K* channel inhibitor. (B) Effect of E-4031 at a concentration generally applied to inhibit native K11
channels (20 pM) on steady-state outward currents mediated by Ky11.1 (left) and Ky12.1 (right).
(C) Kv12.1 channels were insensitive to E-4031 applied at concentrations between 1 uM and 100 pM.
(E) Averaged steady-state outward currents through K.7.4 (left) and Ky12.1 (right) channels before
and after application of 10 uM XE991, a concentration typically used to inhibit native K7 channels.
(F) Kv12.1-mediated currents were not affected by XE991 at concentrations between 1 puM and
100 pM. (H) Steady-state outward currents mediated by K,7.2 (left) and Ky12.1 (right) before and after
application of TEA (5 mM). In contrast to K.7.2, Ky12.1 channels were insensitive to TEA at this
concentration. (1) Dose-response experiments revealed that Ky12.1 channels were slightly inhibited by
high TEA concentrations. When we applied 50 mM or 100 mM TEA, K,12.1 channels were inhibited
by approximately 10% and 17% (NaCl was substituted with TEA-CI in these recordings).
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Supplementary Figure 3. Inhibition of recombinant Ky11.1 channels by 4-AP.

(A) Representative recordings of currents through Ky11.1 channels before (black) and after application
of 3 mM 4-AP (green, upper panel) or 10 mM 4-AP (yellow; lower panel). Voltage protocol was as
indicated. (B) Averaged time course of tail current amplitudes upon application of increasing
concentrations of 4-AP (concentrations as indicated). (C) 4-AP inhibited Ky11.1 channels in a dose-
dependent manner with an ICso of about 2.6 mM and a Hill coefficient of about 0.7, in line with a
previous report (Ridley et al., 2003). Parameters were derived from fits of averaged data to a Hill
equation described in Methods (solid line represents this fit) (pH adjusted).

Reference

Ridley, J.M., Milnes, J.T., Zhang, Y.H., Witchel, H.J., and Hancox, J.C. (2003). Inhibition of HERG
K+ current and prolongation of the guinea-pig ventricular action potential by 4-aminopyridine. J
Physiol 549, 667-672.
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Supplementary Figure 4. Slow and incomplete inhibition of Ky12.1 channels by 10 uM NS1643.

(A) Representative recordings from CHO cell transiently transfected with Ky12.1 before (black) and
after (red) extracellular application of 10 pM NS1643 (Voltage protocol as indicated).
(B) Averaged time course of Ky12.1-mediated currents upon application of 10 uM NS1643 (currents
measured at -20 mV in recordings as presented in (A)). Note that 10 uM NS1643 did not completely
inhibit Ky12.1 currents and that time course of inhibition was much slower than inhibition induced by
30 pM NS1643 (c.f. Figure 5B in main text).
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Supplementary Figure 5. CHO cells transfected with plasmids encoding five different K* channel
subunits express large Kir2.1- and Kv7-mediated currents.

In these experiments, CHO cells were transfected with equal amounts of plasmid DNA encoding K.7.2,
Kv7.3, Kv11.1, Ky12.1 and Kir2.1. This figure shows analysis of Kir2.1- and K,7-mediated current
components in these cells. For identification of Ky11.1 and K,12.1, currents see Figure 6 in the main
text. (A) Representative recordings of K* currents in CHO cells transfected with the mix of K* channel
subunits before (black; left) and after (red; middle) application of the K, 7-specific antagonist XE991.
XE991-sensitive currents (blue; right) were calculated by subtracting currents after XE991 from
control currents (voltage protocol as indicated). (B-D) Analysis of steady-state currents. (B) Summary
of steady-state currents elicited by voltage steps between -140 mV and +20 mV before and after
application of XE991 (20 uM). CHO cells transfected with the mix of K* channels showed large inward
and outward currents at hyperpolarized and depolarized potentials, respectively. Inward currents
demonstrated expression of functional Kir2.1 channels, and application of XE991 (20 uM) selectively
inhibited outward currents demonstrating functional expression of K7 channels in these cells. Steady-
state current amplitudes were analyzed at the end of the activating pulse from recordings as shown in
(A). (C) Summary of steady-state inward currents elicited at -140 mV and outward currents at 0 mV
before and after application of XE991 (20 uM). (D) Summary of XE991-sensitive currents at -140 mV
and 0 mV (derived from recordings as shown in (A)).
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ABSTRACT

K,12.1 K channels are expressed in several brain areas, but no physiological function could be
attributed to these subunits so far. As genetically-modified animal models are not available,
identification of native K, 12.1 currents must rely on characterization of distinct channel properties.
Recently, it was shown in Xenopus laevis oocytes that K,12.1 channels were modulated by
membrane PI(4,5)P,. However, it is not known whether these channels are also sensitive to
physiologically-relevant PI(4,5)P, dynamics. We thus studied whether K,12.1 channels were
modulated by activation of phospholipase C $ (PLCB) and found that they were insensitive to
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receptor-triggered depletion of PI(4,5)P,. Thus, K,12.1 channels add to the growing list of K*
channels that are insensitive to PLCP signaling, although modulated by PI(4,5)P, in Xenopus laevis

oocytes.

Introduction

The ether-a-go-go-gene-like (Elk; K,12) family of vol-
tage-gated potassium (K,) channels comprises three
members (K12.1-K;12.3) that are predominantly
expressed in neurons of various brain regions [1-6].
Despite recent significant progress in understanding
biophysical properties and characteristics of these
channels [7-10], at present only little information is
available on physiological functions of the family
members. Genetic deletion and pharmacological inhi-
bition revealed that K,12.2 channels constitute sub-
threshold K" conductance regulating excitability of
pyramidal neurons in hippocampus [11], but no
native physiological relevance could be attributed to
K,12.1 and K, 12.3 subunits so far. As K,12.1 channels
activate at hyperpolarized membrane potentials
[7,8,10], it is reasonable to assume that these channels
also modulate neuronal excitability.

A prominent and characteristic feature of K,12.1
channels is a mode shift of activation (also referred to
as pre-pulse facilitation or voltage-dependent poten-
tiation) [7,8,12]. This biophysical phenomenon
describes hysteresis of voltage-dependent channel
activation that most probably is caused by time-
dependent stabilization of the channel’s voltage

sensor in a “relaxed” open state in response to depo-
larized (conditioning) holding potentials [13,14]. It
was shown recently that prolonged depolarization of
the membrane potential induces slow rearrangement
of a structural interaction between domains in the C-
and N-terminus of K,12.1 channels [8]. This rearran-
gement apparently is coupled to channel gating and
necessary for transition of K,12.1 channels into the
more stable gating mode that favors channel opening
[8]. Accordingly, conditioning depolarisation of the
membrane potential causes a large shift in voltage
dependence of activation to hyperpolarized potentials
and a slowing of deactivation of K;12.1 channels
[7,8,10]. This mode shift may constitute a biophysical
adaption to dampen excitability of neurons upon
ongoing stimulation possibly also to prevent hyper-
excitability in nervous tissue. Analogous mode shift of
related K,11.1 channels might contribute to repolar-
ization of cardiac action potentials through slowing of
channel deactivation [15,16], but to our knowledge
physiological relevance of this mode shift in neurons
has not been demonstrated.

Recently, it was shown that K,12.1 channel activ-
ity was regulated through membrane-associated
phosphatidylinositol-4,5-bisphosphate  (PI1(4,5)P,)
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[7] that is a minor component of the inner leaflet of
the plasma membrane and a well-known co-factor of
many ion channels [17-19]. Li and colleagues
showed that loss of phosphoinositides (PI) induced
by excision of membrane patches from Xenopus
laevis oocytes caused acceleration of K12.1 channel
activation and deactivation and a potentiation of
steady-state K™ currents. Furthermore, excision of
membrane patches expressing K,12.1 channels
caused a shift of voltage dependence of channel
activation to hyperpolarized potentials and almost
completely eliminated voltage-dependent mode shift
[7]. As application of a water soluble PI(4,5)P, ana-
logue restored K,12.1 channel kinetics as well as
voltage dependence, and partially brought-back
mode shift, the authors consistently concluded that
PI(4,5)P, in a bimodal way of action stabilized the
open state, but at the same time inhibited voltage
dependent activation of K,12.1 channels [7].
Accordingly, variations of membrane PI(4,5)P,
levels might control excitability of neurons through
modulating K,12.1 channel activity. Most interest-
ingly, impact of PI1(4,5)P, level changes on neuronal
excitability might vary considerably with the general
excitation status of the neuron, as the extent of mode
shift apparently also was PI-dependent [7].
Unfortunately, it has not been shown yet whether
K,12.1 channels were sensitive to physiologically-
relevant PI(4,5)P, depletion at all. As activation of
phospholipase C B (PLCB) through G, protein-
coupled receptors (G4PCR) constitutes an important
signaling pathway to deplete PI(4,5)P, in neurons
[20,21], we studied whether K 12.1 channels were
modulated by activation of G4 protein-coupled mus-
carinic receptors.

Results

Analyzing voltage-dependent mode shift of
K,12.1 channels

We analyzed sensitivity to G¢PCR signaling of
human K;12.1 channels heterologously expressed
in CHO cells. To be able to analyze whether vol-
tage-dependent activation of K,12.1 channels was
sensitive to activation of the G;PCR pathway, we
first established appropriate voltage protocols to
study voltage dependence of these channels. As
recently reported [10], we applied depolarizing
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holding potentials (conditioning voltage; 200 ms)
before a series of activating voltage steps (pulse
potentials from -140 mV to +10 mV; 600 ms)
(Figure 1(A,B)). We activated K,12.1 channels for
as short as 600 ms, as we previously found that
600 ms allowed for steady-state activation of K;12.1
channels, whereas longer activating pulses attenu-
ated mode shift due to longer time intervals at hyper-
polarized potentials [10]. Accordingly, we also
recorded tail currents at correspondingly depolar-
ized potentials to minimize time at hyperpolarized
voltages (Figure 1(B)). These voltage protocols eli-
cited robust, outwardly-rectifying and voltage-
dependent K;12.1 currents in CHO cells (Figure 1
(A)). For conditioning voltages of —60 mV, half-
maximal voltage (V) and slope factor of K,12.1
channel activation were -21.3 + 2.1 mV and
—-14.6 + 1.3 mV, respectively (n = 6; Figure 1(C-
E)). When cells were held at a depolarized condition-
ing potential of 0 mV, Vy, of channel activation was

-68.2 + 52 mV and the slope factor was
-81 + 0.8 mV (n = 6; Figure 1(C-E)).
Accordingly, as reported by us and others
[7,8,10] depolarizing conditioning potentials
induced a large shift of voltage dependence to
hyperpolarized potentials by about —50 mV. This
shift of voltage dependence in response to depo-
larized holding potentials is generally referred to
as mode shift of activation [12].

K,12.1 channels are insensitive to physiological
PI(4,5)P, depletion through PLCS

Recently, it was shown that activity of K,12.1
channels was modulated by PI in membrane
patches excised from Xenopus laevis oocytes [7,8].
We thus set out to analyze in CHO cells whether
these channels were also sensitive to stimulation of
GPCR signaling that physiologically leads to
depletion of membrane PI(4,5)P, through activa-
tion of PLCP. To this end, we overexpressed Gg-
coupled muscarinic receptor type 1 (m1R) in CHO
cells and activated the receptor by extracellular
application of oxotremorine-M (Oxo-M; 10 uM).
In this expression system, activation of recombi-
nant mIR reconstitutes GoPCR signaling and
induces depletion of PI(4,5)P, through endogen-
ous PLCP thereby producing second messengers
diacylglycerol ~ (DAG) and  inositol-1,4,5-
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Figure 1. Mode shift of recombinant human K,12.1 channels.
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(A) Representative patch clamp recording of a CHO cell transiently transfected with human K,12.1 channels activated by the voltage
steps as indicated. (B) Voltage protocols consisted of a 200 ms conditioning potential step to —60 mV (black) or 0 mV (blue) followed
by 600 ms activating pulse potentials from —140 mV to +10 mV (10 mV increments). Tail currents were elicited either at —120 mV or
at 0 mV to minimize time at hyperpolarized membrane potentials (voltage protocols were established in a recent publication [10]).
(C-E) Summary of voltage dependence of human K,12.1 channels. (C) Voltage dependence was analyzed with Boltzmann fits to
individual recordings as shown in (A). Solid lines in (C) represent Boltzmann fits to averaged data. Depolarized conditioning potential
of 0 mV induced a large shift of voltage dependence to hyperpolarized potentials, as recently reported [10]. (D) shows mean V,, and
(E) displays mean slope factor of channel activation in dependence of conditioning potentials of —60 mV and 0 mV (values were

derived from Boltzmann fits shown in (C).

trisphosphate (I(1,4,5)P;) [e.g. 20,22-25]. At start,
we co-expressed bona fide PI(4,5)P,-sensitive
homomeric K,7.4 or K,7.3 channels together
with mIR. We utilized K,7.3 channels carrying a
A315T mutation in the pore region to increase
whole cell currents without however affecting the
channel’s sensitivity to PI(4,5)P, depletion (K,7.3T
[26,27]). We found that stimulation of mlR
strongly reduced K,7.4- and K,7.3"-mediated cur-
rents (Figure 2(A,B)). It is well established that
mlR-dependent inhibition of K,7 channels mainly
depends on PLCP-dependent depletion of PI(4,5)
P, [22,23,28,29] and that degree of inhibition cor-
responds to PI(4,5)P, affinity of the respective K,7
isoform [30]. In line, activation of mlR caused
stronger inhibition of K,7.4 that exhibit lower PI
(4,5)P, affinity than K,7.3" channels [29-31].
These recordings demonstrated robust activation

of G4PCR signaling and substantial PLCB-depen-
dent PI(4,5)P, depletion in CHO cells upon sti-
mulation of mlR. In contrast, K,12.1-mediated
steady-state currents elicited by voltages between
-140 mV and + 10 mV were not affected by sti-
mulation of m1R through Oxo-M (Figure 2(A-E)).
G PCR-dependent activation of PLCP also did not
change kinetics of activation (Figure 2(F)) and
deactivation (Figure 2(G)) of human K;12.1 chan-
nels in CHO cells. After 60 s of application of
Oxo-M (10 uM), V, of activation was
—-23.7 £2.1 mV and -67.3 + 5.6 mV for condition-
ing voltages of —60 mV and 0 mV, respectively
(Figure 2(H,I)). Thus, also voltage dependence of
human K,12.1 channels was not affected by stimu-
lation of PLCP demonstrating that mode shift of
K,12.1 channels was not sensitive to activation of
the pathway in CHO cells. To rule out that for
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Figure 2. Human K,12.1 channels are insensitive to G4PCR/PLCP signaling.

(A + B) Activation of muscarinic G, protein-coupled receptor type 1 (m1R) by Oxo-M (10 pM) strongly inhibited bona fide PI(4,5)P,-sensitive
K,7.4 and K,7.3" channels. In contrast, K,12.1-mediated currents were resistant to stimulation of m1R. (A) shows representative K,7.4- and
K,12.1-mediated whole cell currents before (black) and at the end of a 60 s application of 10 uM Oxo-M (red) (voltage protocol and scale bars as
indicated). (B) shows a summary of recordings as presented in (A). (C-E) Steady-state K,12.1 currents elicited by voltage steps between —140
mV and + 10 mV were not sensitive to activation of m1R through Oxo-M (10 uM). (F) Neither activating kinetics nor (G) deactivating kinetics of
K,12.1 channels were altered upon activation of m1R (time constants were calculated from double-exponential fits to the activating current
component and to deactivating tail currents). (C + D) show representative whole cell K,12.1 currents elicited by the voltage protocols
indicated. To induce voltage-dependent mode shift of K,12.1 channels, voltage protocols consisted of a 200 ms conditioning potential step to
(C) =60 mV or (D) 0 mV followed by 600 ms activating pulse potentials from —140 mV to + 10 mV (10 mV increments). (H + 1) Oxo-M-
dependent activation of m1R did not change voltage-dependence or mode-shift of K,12.1 channels expressed in CHO cells. (H) shows a
summary of the voltage dependence of human K, 12.1 channels and (l) displays mean V,, derived from Boltzmann fits to individual recordings
as shown in (C) an (D) (solid lines in (H) represent Boltzmann fits to averaged data; Data with Oxo-M were analyzed at the end of 60 s Oxo-M
application; control recordings are also shown in Figure 1). (J + K) In CHO cells coexpressing m1R together with K,7.4, application of Oxo-M
(10 uM) induced robust and reversible translocation of the optical PI(4,5)P,/I(1,4,5)P5 biosensor PLCs;-PH-mRFP from the membrane to the
cytoplasm. PLCs;-PH-RFP translocation was indistinguishable between cells coexpressing K,12.1 or K,7.4 channels together with m1R. Thus,
PLCB activation was comparable in cells expressing K, 7.4 or K,12.1. (J) shows mean RFP fluorescence intensities measured in confocal sections
averaged over a region of interest in the cytoplasm of CHO cells coexpressing PLCs;-PH-RFP together with either K,12.1 or K,7.4. (K) shows
representative images of a CHO cell expressing K, 12.1 together with m1R before (top), after 60 s application of Oxo-M (middle) and after wash
out of the agonist (bottom). The scale bar represents 10 pm.
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some reason depletion of PI(4,5)P, was reduced in
CHO cells expressing K,12.1 channels, we then
directly assessed activity of PLCP under our
experimental conditions. We quantified putative
PLCP activity using pleckstrin homology (PH)
domain of PLCs; fused to RFP (PLCs,-PH-RFP)
as genetically-encoded, optical biosensor that
binds to membrane PI(4,5)P,, but also to cytoplas-
mic I(1,4,5)P5 [32]. PLCs;-PH-RFP associates to
the plasma membrane, when resting PI(4,5)P,
levels are high, and translocates into the cytoplasm
in response to PLCB-dependent decrease of mem-
brane PI(4,5)P, and a corresponding increase of
cytoplasmic  I(1,4,5)P; [32,33].  Accordingly,
changes of the fluorescence intensity at the mem-
brane or in the cytoplasm are a measure for the
activity of PLCB during stimulation of G4PCR
[17,34]. Here, we used confocal imaging to moni-
tor translocation of PLCs-PH-RFP from mem-
brane to the cytoplasm of transiently transfected
CHO cells during application of Oxo-M (10 uM).
In cells, coexpressing m1R together with PLCg;-
PH-RFP and K,7.4 channels, RFP-associated fluor-
escence in the cytoplasm strongly increased during
activation of the GgPCR. This increase of fluores-
cence indicated translocation of the sensor from
membrane into cytoplasm and thus PLCp-
mediated PI(4,5)P, depletion (Figure 2(J)). Upon
wash-out of Oxo-M, the signal recovered within a
couple of minutes demonstrating reversibility of PI
(4,5)P, depletion. When we activated m1R in cells
coexpressing K,12.1 channels, sensor translocation
into the cytoplasm and its return to the plasma
membrane were indistinguishable from cells
expressing K,7.4 (Figure 2(J,K)). These experi-
ments demonstrated that PLCP was strongly acti-
vated under our experimental conditions and that
PLCP activity and thus PI(4,5)P, depletion were
the same in cells expressing K,7.4 and K,12.1
channels. Taking together these data showed that
human K,12.1 channels were not sensitive to acti-
vation of G4PCR signaling and more importantly
PLCP-mediated PI(4,5)P, depletion in CHO cells.

Recombinant K, 12.1 channels are insensitive to
Ci-VSP-dependent PI(4,5)P, depletion

To assess in more detail whether K,12.1 channels
were sensitive to PI(4,5)P, depletion in CHO cells,

we utilized voltage-sensitive PI 5-phosphatase from
ciona intestinalis (Ci-VSP). Upon depolarization of
the membrane potential, Ci-VSP rapidly removes PI
(4,5)P, and PI(3,4,5)P; from the membrane by
dephosphorylation to PI(4)P and PI(3,4)P,, respec-
tively [35-39]. In these experiments, we selected cells
for clear membrane localization of Ci-VSP-RFP-asso-
ciated fluorescence and recorded K,7 and K,12.1 cur-
rents activated by depolarizing voltage steps from the
holding potential of -80 mV to 0 mV or —20 mV,
respectively (Figure 3(A)). After recording stable con-
trol current amplitudes for at least 30 s, the holding
potential was depolarized for another 30 s to +80 mV
to activate Ci-VSP. As shown in Figure 3(A,B), cur-
rents through homomeric K,7.2 and K,7.3" channels
were strongly inhibited by activation of Ci-VSP. After
30 s of Ci-VSP activation at +80 mV, K, 7.2 and K,7.3¥
currents were reduced to 27.8 + 4.6% and 40.6 + 1.9%
of baseline current amplitudes, respectively (Figure 3
(A,B)). This inhibition of K,7-mediated currents,
especially inhibition of K,7.3" channels that exhibit
higher PI(4,5)P, affinity than K,7.2, demonstrated
substantial depletion of membrane PI(4,5)P, upon
activation of Ci-VSP, in line with many previous
reports [e.g. 29, 38]. In these experiments, K,7 cur-
rents returned to baseline within a minute after deac-
tivation of Ci-VSP at hyperpolarized potentials
demonstrating reversible PI(4,5)P, depletion and its
resynthesis through endogenous PI kinases (Figure 3
(B)) [38]. Interestingly after deactivation of Ci-VSP,
K,7.2-mediated currents transiently over-recovered
before returning to baseline amplitudes indicating
some kind of over-recovery of PI(4,5)P, levels possi-
bly stimulated by Ci-VSP-induced PI(4,5)P, depletion
[c.f. 38].

In contrast to K,7 currents, K,12.1 channels
were almost completely resistant to activation of
co-expressed Ci-VSP utilizing the same voltage
protocol to activate the phosphatase. After 30 s
at +80 mV, K,12.1 current amplitudes were
92.7 £ 1.3% of control currents before voltage-
dependent activation of Ci-VSP (n = 5; Figure 3
(A,B)). In three out of five cells tested, we
detected slight acceleration of the activating
kinetics of K,12.1 channels in response to stimu-
lation of Ci-VSP (Figure 3(C)). As these changes
of kinetics were small and not detectable in all
cells, we did not examine the phenomenon any
further.
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Figure 3. In CHO cells, human K,12.1 channels are insensitive to activation of a voltage-sensitive PI(4,5)P,/PI(3,4,5)P3 5-phosphatase

from ciona intestinalis.
(A + B) Activation of Ci-VSP through 30 s depolarization of the

holding potential to +80 mV reversibly inhibited recombinant K,7.2

and K,7.3" channels. In contrast, K,12.1-mediated current amplitudes were largely insensitive to voltage-dependent activation of Ci-
VSP. (A) shows representative recordings of K,7.2, K\,7.3T or K,12.1 currents before (black) and at the end of Ci-VSP activation for 30 s

(red) (voltage steps to activate K channel were applied every 5
voltage steps). (B) displays averaged time course of recordings

s; Ci-VSP was activated by depolarization to + 80 mV between these
as shown in (A). (C) In only three out of five cells, we found slight

acceleration of K,12.1 activating kinetics upon voltage-dependent activation of Ci-VSP. (C) shows exemplary normalized K,12.1
currents activating upon a voltage step from —80 mV to —20 mV before (black) and after activation of Ci-VSP at +80 mV for 30 s

(red).

In summary, K,12.1 channels were not
affected by Ci-VSP-dependent depletion of PI
(4,5)P, in CHO cells. Thus, we conclude that
K,12.1 channels are not relevantly modulated
by membrane PI(4,5)P, in this cell line. As Ci-
VSP stoichiometrically converts PI(4,5)P, into PI
(4)P thereby substantially increasing PI(4)P
levels in the membrane [39], these data also
demonstrated that K,12.1 channels are not
modulated by membrane-associated PI(4)P.

Discussion

Activation of PLC through Gg;,-coupled recep-
tors is an important intercellular signaling path-
way that induces PI dynamics in neurons
[17,18,21]. Although PLCp possibly also hydro-
lyses PI(4)P [20,40,41], it is well known that PI

(4,5)P, is the prime substrate of its enzymatic
activity in living cells [21]. Whereas actual changes
in membrane-associated PI(4,5)P, might vary sig-
nificantly depending on the receptor type, as well
as on the activity of PLCB and PI(4,5)P, resynth-
esis pathways, it is generally believed that the
signaling cascade affects cellular physiology also
through depletion of PI(4,5)P, [20,21,32]. Thus,
as PI(4,5)P, is an important cofactor for many
ion channels, activation of PLCP is directly linked
to neuronal excitability through PI(4,5)P, deple-
tion and PI(4,5)P,-dependent modulation of ion
channel activity. As one prominent example, sti-
mulation of endogenous Gg-coupled muscarinic
receptors induces significant depolarization of
neuronal membrane potentials through PI(4,5)P,-
dependent inhibition of K,7 potassium channels
[22,23,42].
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Here, we evaluated whether human K,12.1
channels were sensitive to physiological changes
of PI(4,5)P, for two reasons: (i) As no physio-
logical function could be assigned to K,12.1
channels yet, novel properties of these channels
might be useful to identify native K,12.1-
mediated currents in neurons [c.f. 10]. We
thus considered PLCP sensitivity of K,12.1
channels a potentially interesting feature foster-
ing future attribution of neuronal K* currents
to K,12.1 channels. And (ii), recently it was
shown for K,12.1 channels that excision of
membrane patches from Xenopus laevis oocytes
speeded activation and deactivation, shifted vol-
tage dependence to hyperpolarized potentials
and significantly attenuated mode shift [7].
Importantly, such excision of membrane
patches into solution without ATP causes
depletion of PI(4,5)P, (and possibly other PI
species) through irreversible activation of phos-
phatases [19,24,28,31,43,44]. As application of a
water-soluble  PI(4,5)P, analogue restored
K,12.1 channel properties in the excised
inside-out patches, these findings demonstrated
PI(4,5)P, sensitivity of K,12.1 channels [7]. We
considered this PI(4,5)P, sensitivity especially
interesting, as by attenuating mode shift and
by affecting voltage dependence of these chan-
nels, impact of PLCP activation on the excit-
ability of K;12.1 expressing neurons might
significantly vary depending on synaptic input
and thus excitation status of the respective neu-
ron. Utilizing m1R as G protein-coupled recep-
tor to activate PLCP in an expression system,
we studied sensitivity of human K;12.1 chan-
nels to GPCR signaling. It has been shown in
many studies that overexpression of a G,PCR
(such as mlR) adequately reconstitutes PLCP
signaling in expression systems (including
CHO cells used in our report). Through activa-
tion of endogenous PLCP, stimulation of
recombinant m1R substantially depletes PI(4,5)
P, [20,22,23,24,25,30,34], produces reasonable
amounts of DAG and I(1,4,5)P5;, induces I
(1,4,5)P3-dependent Ca®" release and activates
downstream effectors of the cascade (e.g. pro-
tein kinase C, PKC) [20,22,30,34,45,46]. This
has been used successfully to explore sensitivity
of ion channels to physiological PI(4,5)P,

depletion [20,22,29,30,47], but also the modula-
tion of ion channels through second messengers
downstream of PLCP activation [48-51].
Importantly, heterologous systems can even be
utilized to dissect PI(4,5)P, dependence of ion
channels from their sensitivity to second mes-
sengers produced during activation of PLCP
[47,49,52]. Heterologous expression systems
accordingly constitute a well-accepted model
to study the G,PCR pathway and PI(4,5)P,
dependence of ion channels [17,18]. The stimu-
lation of PLCP as well as voltage-dependent
activation of Ci-VSP strongly inhibited bona-
fide PI(4,5)P,-dependent K,7 channels (c.f.
Figures 2 and 3). Especially, the significant
inhibition of K,7.37 channels that exhibit con-
siderably higher PI(4,5)P, affinity than K,7.2 or
K,7.4 channels [29,30,38] demonstrated sub-
stantial PI(4,5)P, depletion under our experi-
mental conditions. Translocation of the optical
PI(4,5)P, biosensor PLCs;-PH-RFP from the
membrane during stimulation of m1R addition-
ally showed strong reduction of PI(4,5)P, levels
in these experiments. However, K,12.1 channels
were not sensitive to this PLCP-mediated PI
(4,5)P, depletion at all. Theoretically, a rise in
DAG, 1(1,4,5)P; and intracellular Ca** or acti-
vation of PKC could stimulate K,12.1, which
might counterbalance PI depletion thereby
masking PI(4,5)P, sensitivity of these channels.
However, although we consider such a mechan-
ism rather unlikely, we want to point out that
we cannot exclude sensitivity of K,12.1 to these
second messengers completely at present. K,7-
mediated currents are indeed reduced by PKC-
dependent phosphorylation [48] and Ca®*/cal-
modulin signaling [53], but importantly
G4PCR-dependent inhibition of these channels
almost exclusively depends on PI(4,5)P, deple-
tion and not on messengers produced by PLCP
[23,29]. Based on these considerations, we con-
clude that K,12.1 channels are resistant to sti-
mulation of GGPCR and importantly insensitive
to physiologically-relevant PI(4,5)P, dynamics.
This insensitivity of K;12.1 channels to stimu-
lation of PLCP is not surprising, as several
other K" channels, including members of the
K,1, K2, K,3, and K,4 families, have been
described to be not affected by stimulation of



the PLCP pathway and of Ci-VSP [24,25].
However, it is surprising that for some of
these K, channels (K,1.1, K,1.4, K,1.5, K,3.4),
just as for K,12.1 channels, PI(4,5)P, sensitivity
was reported using excised patches from
Xenopus laevis oocytes as experimental model
[54,55]. Importantly however, like K,12.1 these
channels were resistant to activation of mlR
and Ci-VSP in mammalian cell lines [24,25].
As comprehensively discussed by the Hille
group [24,25], we do not think that our find-
ings represent a discrepancy to results obtained
in the frog oocytes (presented by Li and collea-
gues [7]). First, upon excision of inside-out
patches levels of membrane PI(4,5)P, might
fall well below levels reached by physiological
stimulation of PLCP (and possibly even by acti-
vation of Ci-VSP) and other PI species may also
be depleted during the patch excision.
Conversely, perfusion of membrane patches
with water soluble PI analogues might intro-
duce super-physiological PI(4,5)P, levels within
or close to the membrane [25]. Therefore, on
the one hand PI sensitivity of ion channels
might be overestimated upon PI(4,5)P, deple-
tion through patch excision and subsequent
application of exogenous PI(4,5)P,. On the
other hand, the degree of PLCP-dependent PI
(4,5)P, depletion might be just too low to
induce relevant modulation of K,12.1 channel
activity. And second, as comprehensively dis-
cussed and pointed-out by Li and colleagues
[7], K{12.1 channels might exhibit low PI affi-
nity and low selectivity between different PI
species. This conclusion is supported by the
fact that not only PI(4,5)P, but probably also
other PI species might be depleted after exci-
sion of the membrane patches from oocytes.
This depletion of several PI species upon
patch excision might affect ion channels with
unselective PI specificity even stronger than a
highly selective channel that recognizes only a
certain PI species. Supporting this notion, in
membrane patches excised from Xenopus
oocytes mode shift of K,12.1 channels was sen-
sitive to application of PI(4)P, PI(4,5)P, and PI
(3,4,5)P; [7]. This strongly indicated that
Ky12.1 channels (in contrast to e.g. K,7 chan-
nels) do not exhibit highly selective binding to
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a certain PI species, but rather general electro-
static interactions with several PI [7].
Completely in line, K,12.1 channels were resis-
tant to activation of Ci-VSP in CHO cells,
which stoichiometrically converts PI(4,5)P,
and PI(3,4,5)P; into PI(4)P and PI(3,4)P,,
respectively [35-37,39]. Whilst depleting PI
(4,5)P, from the membrane, activation of Ci-
VSP thus leaves constant the total PI concen-
tration in the plasma membrane. At the same
time however, Ci-VSP substantially increases PI
(4)P levels [38,39], which revealed that activity
of K,12.1 channels is not relevantly modulated
by PI(4)P. This low sensitivity to Ci-VSP acti-
vation (and PLCP signaling) may as well point
to lack of selectivity towards PI(4,5)P, thereby
indicating a rather general PI sensitivity of
K,12.1 channels. In line, EC5, values of K,12.1
channels for application of exogenous PI(4,5)P,
expressed in Xenopus oocytes (approx. 10 pM
[7]) were well in the range previously demon-
strated for K,7.3 channels [28]. However, most
probably due to high PI(4,5)P, specificity and
selectivity, K,7.3 channels are readily inhibited
by activation of mlR and Ci-VSP, whereas
K;12.1 channels are not. In line, sensitivity of
K" channels to activation of Ci-VSP generally
correlates well with their sensitivity towards
receptor-triggered activation of PLC [29],
which apparently is also true for K,12.1
channels.

Thus, in summary, human K;12.1 channels most
probably exhibit unselective PI sensitivity thereby
adding to the growing list of K, channels resistant
to stimulation of GGPCR/PLC-signaling and Ci-
VSP-dependent PI1(4,5)P, depletion [c.f. 24, 25].

Methods
Cell culture and transfection

Chinese hamster ovary (CHO) dhFR™ cells were
maintained as previously reported [56]. In brief,
cells were kept in MEM Alpha Medium supplemen-
ted with 10% fetal calf serum (FCS) and 1% peni-
cillin/streptomycin  (pen/strep) (all Invitrogen
GmbH, Darmstadt, Germany) in a humidified
atmosphere at 5% CO, and 37°C. Transient trans-
fection of CHO cells in culture was done with jetPEI
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transfection reagent (Polyplus Transfection,
Illkirch, France) and all experiments were per-
formed at room temperature (22°C-25°C) approx.
24-48 h after transfection. The following vectors for
transient expression in CHO cells were used: K,7.2-
pBK-CMYV (gene: human KCNQ2; UniProt acces-
sion number: 043526), K,7.3(A315T)-pBK-CMV
(human KCNQ3(A315T); 043525), K,7.4-pBK-
CMV (human KCNQ4; P56696), K,12.1(Elk1)-
pcDNA3.1-IRES-eGFP (human KCNHS;
Q96142), human muscarinic receptor 1 (human
MIR)-pSGHVO (Q96RH1), Ci-VSP-mRFP-C1
(Q4WS8A1), PLCs-PH-mRFP-C1 (amino acids
1-70; P51178) and pEGFP-C1 (transfection con-
trol; Addgene, Teddington, UK).

Electrophysiological recordings

Electrophysiological recordings (in the whole cell
configuration) were performed with an Axopatch
200B amplifier (Molecular Devices, Union City,
CA) in voltage-clamp mode [57]. Recordings were
low-pass filtered at 2 kHz and sampled at 5 kHz. In
the figures, voltage protocols are indicated and the
dashed lines highlight zero current. Borosilicate glass
patch pipettes (Sutter Instrument Company, Novato,
CA, USA) used had an open pipette resistance of 2-3
MQ after back-filling with intracellular solution con-
taining (in mM) 135 KCl, 2.41 CaCl, (100 nM free
Ca®"), 3.5 MgCl,, 5 HEPES, 5 EGTA, 2.5 Na,ATP,
0.1 Na;GTP, pH 7.3 (with KOH), 290-295 mOsm/
kg. Series resistance (R;) typically was below 6 MQ
and compensated throughout the recordings (80-
90%), and liquid junction potentials were not com-
pensated (approx. —4 mV). For presentation whole
cell currents were normalized to the cell capacitance
(current density; pA/pF) or to baseline current
amplitude (I/Ip). The extracellular solution con-
tained (in mM) 144 NaCl, 5.8 KCl, 1.3 CaCl,, 0.9
MgCl,, 0.7 NaH,PO,, 10 HEPES and 5.6 D-glucose,
pH 7.4 (with NaOH), 305-310 mOsm/kg.

Voltage-dependent activation of Ci-VSP

For coexpression of ion channels with Ci-VSP-
RFP, cells were selected for clear membrane loca-
lization of RFP (attached to Ci-VSP). K, channel-
mediated currents were elicited every 5s with the
voltage protocol indicated in the figure and Ci-

VSP was activated in between those voltage steps
by depolarizing the holding potential to +80 mV
for a total of 30 s, as previously reported [47].

Confocal microscopy

Confocal imaging was performed with an upright
LSM 710 - Axio Examiner.Z1 microscope
equipped with a W Plan/Apochromat 20x/1.0
DIC M27 75 mm water immersion objective
(Zeiss, Jena, Germany) [58]. Red fluorescent pro-
tein (RFP) was excited at 561 nm with a DPSS
561-10 laser (Zeiss) and fluorescence emission was
sampled at 582-754 nm. Green fluorescent protein
(GFP) was excited at 488 nm with an argon laser
and fluorescence emission was recorded at
493-597 nm. The sample interval for time series
was 5 s. In these experiments, K,7.4 or K,12.1
expressing cells were identified through coexpres-
sion of GFP or the GFP expression associated with
the pcDNA3.1-IRES-eGFP plasmid, respectively.

Solutions and substances

Oxotremorine-M (Oxo-M) was purchased from
Biotrend  Chemikalien =~ GmbH  (Cologne,
Germany) and was diluted to a concentration of
10 uM in extracellular solution. Oxo-M was
applied locally through a custom-made application
system via a glass capillary brought into close
proximity to cells under investigation.

Data analysis

Patch clamp recordings were analyzed with IgorPro
(Wavemetrics, Lake Oswego, OR) and the
PatchMaster (HEKA) software. Voltage depen-
dence of activation was derived from tail current
amplitudes using voltage protocols indicated: Tail
currents were fitted with a two-state Boltzmann
function with I = L,;,, + (Lyax-Imin)/(1 + exp
((V-V},)/s)), where I is current, V is the membrane
voltage, V}, is the voltage at half maximal activation,
and s describes the steepness of the curve [59].
Results are shown as conductance-voltage curves,
obtained by normalizing to (Iax-Imin), Obtained
from fits to data of individual experiments. Time
constants of activation and deactivation were



derived from double-exponential fits to deactivat-
ing current components at indicated potentials.
Imaging time series were analyzed measured with
confocal microscopy with Zen2009 (Zeiss) and
IgorPro (Wavemetrics). PLCgs;-PH-mRFP fluores-
cent intensities were derived after background sub-
traction from averages over a region of interest
(ROI) in the cytoplasm of transfected cells and are
presented as cytoplasmic F/F,.

Data presentation

In electrophysiological experiments, n represents the
number of individual cells and accordingly the num-
ber of independent experiments (no pseudo-replica-
tion). In imaging experiments (c.f. Figure 2(])), n
represents the number of individual cells and e
denotes the number of independent experiments.
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Background and Purpose: The ether-a-go-go (Eag) K, superfamily comprises
closely related K,10, K,11, and K,12 subunits. K,11.1 (termed hERG in humans)
gained much attention, as drug-induced inhibition of these channels is a frequent
cause of sudden death in humans. The exclusive drug sensitivity of K,11.1 can be
explained by central drug-binding pockets that are absent in most other channels.
Currently, it is unknown whether K,12 channels are equipped with an analogous
drug-binding pocket and whether drug-binding properties are conserved in all Eag
superfamily members.

Experimental Approach: We analysed sensitivity of recombinant K,12.1 channels
to quinine, a substituted quinoline that blocks K,10.1 and K,11.1 at low micromolar
concentrations.

Key Results: Quinine inhibited K,12.1, but its affinity was 10-fold lower than for
Ky11.1. Contrary to K,11.1, quinine inhibited K,12.1 in a largely voltage-
independent manner and induced channel opening at more depolarised potentials.
Low sensitivity of K,12.1 and characteristics of quinine-dependent inhibition were
determined by histidine 462, as site-directed mutagenesis of this residue into the
homologous tyrosine of K,11.1 conferred K,11.1-like quinine block to
K,12.1(H462Y). Molecular modelling demonstrated that the low affinity of K,12.1
was determined by only weak interactions of residues in the central cavity with
quinine. In contrast, more favourable interactions can explain the higher quinine
sensitivity of K,12.1(H462Y) and K,11.1 channels.

Conclusions and Implications: The quinoline-binding “motif” is not conserved
within the Eag superfamily, although the overall architecture of these channels is
apparently similar. Our findings highlight functional and pharmacological diversity in

this group of evolutionary-conserved channels.

Abbreviations: Eag, ether-a-go-go channel; Elk, ether-a-go-go-gene-like channel; hERG, human ether-a-go-go-related gene channel 1; Erg, ether-a-go-go-related gene channel; LQT, long QT; MD,

molecular dynamics; RMSD, root-mean-square deviation
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1 | INTRODUCTION

The ether-a-go-go (Eag) superfamily of K, channels comprises the
three conserved families of Eag (K,10), ether-a-go-go-related gene
(Erg; K,11), and ether-a-go-go-gene-like (Elk; K,12) channels. These
channels give rise to voltage-dependent K* currents in many cell types
(Bauer & Schwarz, 2001; Bauer & Schwarz, 2018). The best
characterised member, K,11.1 (termed hERG for the human isoform),
engenders rapidly activating K* current Iy, responsible for membrane
repolarisation in cardiac myocytes (Sanguinetti, Jiang, Curran, &
Keating, 1995). As Ik, determines duration and end of heart action
potentials, loss of K, 11.1 function constitutes a frequent cause of car-
diac dysfunction in humans (Curran et al., 1995; Keating & Sanguinetti,
2001; Mitcheson, Chen, Lin, Culberson, & Sanguinetti, 2000;
Sanguinetti et al.,, 1995; Trudeau, Warmke, Ganetzky, & Robertson,
1995). Mutations in KCNH2, the gene encoding K,11.1, cause con-
genital long QT (LQT) syndrome-2 characterised by a prolonged QT
interval and polymorphic ventricular arrhythmias (torsade de pointes)
that may lead to recurrent syncope or sudden death (Curran et al.,
1995; Sanguinetti et al., 1995). More common, however, are acquired
forms of LQT syndrome through drug-induced inhibition of K,11.1
(Keating & Sanguinetti, 2001; Roden, 1996; Sanguinetti et al., 1995).
K,11.1 channels are extremely sensitive to a wide variety of drugs
including substituted quinolines (quinidine, quinine, and chloroquine),
antiarrhythmic agents (e.g., MK-499 and dofetilide), and many other
substances (e.g., terfenadine, cisapride, and vesnarinone; Furutani
et al., 2011; Kamiya, Mitcheson, Yasui, Kodama, & Sanguinetti, 2001;
Lees-Miller, Duan, Teng, & Duff, 2000; Mitcheson et al.,, 2000;
Mitcheson et al., 2005; Sanchez-Chapula, Ferrer, Navarro-Polanco, &
Sanguinetti, 2003; Sanchez-Chapula, Navarro-Polanco, Culberson,
Chen, & Sanguinetti, 2002). All of these substances may cause unde-
sired prolongation of cardiac action potentials by inhibiting K,11.1
(Sanguinetti et al., 1995). The high susceptibility of human K,11.1 to
these structurally divergent drugs is governed by amino acids facing
the channel's central cavity to form hydrophobic-binding pockets
(Wang & MacKinnon, 2017). Mutagenesis studies have shown that
amino acids in the inner pore helix (threonine 623), selectivity filter
(serine 624 and valine 625), and tyrosine 652/phenylalanine 656 of
the sixth transmembrane segment (S6) determine the susceptibility of
drug-induced inhibition in K,11.1 (Mitcheson et al., 2000; Sanchez-
Chapula et al, 2002; Sanchez-Chapula et al, 2003; Wang &
MacKinnon, 2017). Some of these residues are involved in drug binding
(threonine 623, serine 624, tyrosine 652, and phenylalanine 656; Wang
& MacKinnon, 2017), whereas others (e.g., valine 625 and also aspara-
gine 588, serine 631, and serine 620) have been shown to control drug
sensitivity through contributing to channel inactivation that is neces-
sary for K,11.1 inhibition through many high-affinity blockers (Ficker,
Jarolimek, & Brown, 2001; Ficker, Jarolimek, Kiehn, Baumann, &
Brown, 1998; Kamiya, Niwa, Mitcheson, & Sanguinetti, 2006; Perrin,
Kuchel, Campbell, & Vandenberg, 2008; Wu, Gardner, & Sanguinetti,
2015). Further, phenylalanine 557 located in the S5 helix is involved
in binding of some drugs (Helliwell et al., 2018; Saxena et al., 2016).
Most of these residues are conserved in K,10 channels, and
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What is already known
e Drug-induced inhibition of K,11.1 (hERG) is a frequent
cause of sudden death in humans.

e |tis not known whether closely related K, 12 channels are
also sensitive to drug-dependent inhibition.

What this study adds
e Low quinine sensitivity, affinity, and characteristics of
inhibition of K,12.1 channels are determined by H462.

e Drug sensitivity of K,11.1 and K,12.1 is different but

determined by homologous amino acid positions.

What is the clinical significance
e Drug-binding pockets are not conserved in Eag

superfamily members, but channel architecture is similar.

e Our findings facilitate the understanding of the

arrhythmogenic actions of quinine.

accordingly, the K,10.1 isoform exhibits similarly high sensitivity to
some substances (Schonherr, Gessner, Lober, & Heinemann, 2002).
However, K,10.2 is significantly less susceptible to drug-induced inhi-
bition, indicating that additional motifs might contribute to drug bind-
ing in certain members of the superfamily (Chen, Seebohm, &
Sanguinetti, 2002; Gessner, Zacharias, Bechstedt, Schonherr, &
Heinemann, 2004; Schonherr et al., 2002). In fact, it has been shown
that high-affinity blockers of K,11.1 are less effective on K,10 chan-
nels, as these isoforms do not inactivate. This suggests that conforma-
tional reorientation of relevant residues associated with inactivation
that are necessary for inhibition of K,/ 11.1 is absent in K,10 channels
(Chen et al., 2002; Ficker et al., 1998; Ficker et al., 2001).

In contrast to K, 10 and K, 11, only little information is available on
the three members of the K,12 (Elk) family predominantly expressed
in neurons (Engeland, Neu, Ludwig, Roeper, & Pongs, 1998; Miyake,
Mochizuki, Yokoi, Kohda, & Furuichi, 1999; Saganich, Machado, &
Rudy, 2001; Shi et al., 1998; Trudeau, Titus, Branchaw, Ganetzky, &
Robertson, 1999; Zou et al., 2003). K,12.2 regulates excitability of
hippocampal neurons (Zhang et al., 2010), but no physiological role
has been assigned to K,12.1 and K,12.3 channels yet. Recent studies
provided significant insight into functional characteristics of K,12.1
(Dai & Zagotta, 2017; Dierich, Evers, Wilke, & Leitner, 2018; Dierich
& Leitner, 2018; Kazmierczak et al., 2013; Li et al., 2015), but it is
unknown whether K,12 channels are equipped with a high affinity
drug-binding pocket as K,10.1 and K,11.1.

We analysed the sensitivity of human K,12.1 to quinine, a
substituted quinoline that blocks K,11.1 channels at low micromolar
concentrations (Gessner et al., 2004; Mitcheson et al., 2000;
Sanchez-Chapula et al., 2003; Schonherr et al., 2002). Quinine also
inhibited recombinant K,12.1 channels, but their sensitivity was 10-
fold lower than that of K,11.1. Contrary to K,11.1, quinine-dependent

block of K,12.1 was largely voltage-independent and the substance
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induced channel opening at more depolarised membrane potentials.
Mutagenesis of histidine at position 462 (H462) into the homologous
tyrosine (Y652) of K,11.1 conferred K,11.1-like quinine sensitivity to
K,12.1(H462Y) channels. Molecular modelling analyses demonstrated
that the low quinine sensitivity of K,12.1 was determined by only
weak interactions of quinine with H462 in the central cavity, whereas
more favourable interactions facilitated higher quinine sensitivity of
K,12.1(H462Y) and closely related K,11.1. Our data showed that the
drug-binding pocket in the central cavity is not conserved in the Eag
superfamily, although the general architecture of these channels is
apparently similar. Our findings highlight functional and pharmacolog-

ical diversity within this group of evolutionary conserved K* channels.

2 | METHODS

2.1 | Cell culture, transient transfection, and
mutagenesis

CHO dhFR™ cells (ATCC Cat# CRL-9096, RRID:CVCL_1977) were
maintained as previously reported (Leitner et al., 2016). In brief, cells
were maintained in MEM alpha medium (with 10% fetal calf serum
and 1% pen/strep; all Invitrogen GmbH, Darmstadt, Germany) at 5%
CO, and 37°C in a humidified atmosphere. Transient transfection of
cultured CHO cells was performed using jetPEl (Polyplus Transfection,
llikirch, France). The following vectors for ion channel expression were
used: K,11.1 (Ergl)-pcDNAS3.1 (gene: rat Kcnh2; UniProt accession
number: 008962; UniProt, RRID:SCR_002380), K,12.1 (Elk1)-
pcDNA3.1-IRES-eGFP (human KCNH8; Q9%96L42), and pEGFP-C1
(transfection control; Addgene, Teddington, UK). An amino acid
(H462Y) was K,12.1 with the
QuikChangell XL site-directed mutagenesis kit (Stratagene, Santa

exchange introduced into
Clara, CA). Site-directed mutagenesis was confirmed by sequencing

prior to the experiments (Microsynth SEQLAB, Géttingen, Germany).

2.2 | Electrophysiological recordings

Whole-cell patch clamp recordings were performed at room tempera-
ture (22-25°C) with an HEKA EPC10 USB patch clamp amplifier
controlled by PatchMaster software (HEKA, Lambrecht, Germany;
Patchmaster, RRID:SCR_000034). Voltage clamp recordings were
low-pass filtered at 2 kHz and sampled at 5 kHz. The series resistance
(Rs) was kept below 6 MQ, and R, was compensated throughout the
recordings (80-90%; Dierich & Leitner, 2018; Leitner, Halaszovich, &
Oliver, 2011). All voltage protocols are indicated in the figures; dashed
lines highlight zero current. Borosilicate glass patch pipettes (Sutter
Instrument Company, Novato, CA) had an open-pipette resistance of
2-3 MQ after backfilling with intracellular solution containing (in
mM) 135 KCl, 2.41 CaCl, (100-nM free Ca?*), 3.5 MgCl,, 5 HEPES,
5 EGTA, 2.5 Na,ATP, and 0.1 NagGTP, pH 7.3 (with KOH), 290-
295 mOsm-kg’l. The extracellular solution contained (in mM) 144
NaCl, 5.8 KCI, 1.3 CaCl,, 0.9 MgCl,, 0.7 NaH,PO,4, 10 HEPES, and

5.6 D-glucose, pH 7.4 (with NaOH), 305-310 mOsm-kg*. Liquid
junction potentials were not compensated (approximately -4 mV).

2.3 | Analysis of electrophysiological recordings

Patch clamp recordings were analysed with IgorPro (Wavemetrics,
Lake Oswego, OR; IGOR Pro, RRID:SCR_000325) and the
PatchMaster (HEKA) software. Voltage-dependence of activation
was derived from tail current amplitudes using voltage protocols indi-
cated: Tail currents were fitted with a two-state Boltzmann function
With | = Imin + (Imax = lmin)/(1 + exp((V = V},)/s)), where [ is the current,
V is the membrane voltage, V,, is the voltage at half-maximal activa-
tion, and s describes the slope of the curve (s is presented as positive
values to describe the slope of voltage-dependent channel activation;
Leitner et al, 2012). Results are shown as conductance-voltage
curves, obtained by normalising to (lmax = Imin), Obtained from fits to
data of individual experiments. For dose-response relationships, cur-
rents were normalised to baseline and were fitted to a Hill equation
with | =lp + (Imax = Ib) /(1 + (ICs0/[S])™), where I is the (normalised)
current, I, and |, denote minimal and maximal currents, respectively,
ICs0 is the concentration at the half-maximal effect, [S] is the drug
concentration, and ny is the Hill coefficient. Time constants of activa-
tion were derived from mono-exponential fits to activating current
components at indicated potentials (t activation; c.f. Figure 3e). For
presentation, whole-cell currents were normalised to cell capacitance
(current density; pApF™Y) or to baseline current amplitudes (I/lo;

normalised current).

2.4 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analysis
in pharmacology (Curtis et al., 2018). Isolated cells under investigation
were randomly assigned to different treatment groups. Data analysis
for experiments presented was performed in a blinded manner. For
some experiments, single recordings were normalised to baseline
values individually to account for baseline variations between cells.
Statistical analysis was performed using Student's two-tailed t
test/Wilcoxon-Mann-Whitney test, and when appropriate compari-
sons between multiple groups were performed with ANOVA followed
by Dunnett's test. Post hoc tests were run only if F achieved P < 0.05
and there was no significant variance inhomogeneity. Significance was
assigned at P < 0.05 (*P < 0.05). Data subjected to statistical analysis
have n over 5 per group, and data are presented as mean + standard
error of the means (SEM). In electrophysiological experiments, n repre-
sents the number of individual cells and accordingly the number of

independent experiments (no pseudo-replication).

2.5 | Molecular modelling

A K,12.1 homology model of the pore module (residues $352-Y477)
in the open/inactive conformation was built using the programme
modeller 9v.17 (Webb & Sali, 2016, RRID:SCR_008395) based on
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the cryo-EM structure of the hERG (human K,11.1) channel
(pdb identifier: 5VA1, 3.7 A resolution; Wang & MacKinnon, 2017).
The sequence identity between target and template is 61% (sequence
similarity: 76%). Docking studies were carried out with the Genetic
Optimization for Ligand Docking program, version 5.6.2 (GOLD, Jones,
Willett, Glen, Leach, & Taylor, 1997). The “chemscore” fitness scoring
function was used, and all residues within 12 A of residue H462 in
K,12.1 were defined as binding site. The Chemscore.DG scoring func-
tion was used to estimate free energies of binding. Side chains of res-
idues H462 and F466 from all four domains were set as flexible. The
pKa of H462 is calculated to be 3.13 (PROPKA,; Olsson, Sondergaard,
Rostkowski, & Jensen, 2011), indicating a hydrogen atom on the &
nitrogen. The other two tautomers were considered in docking as well;
however, similar binding modes/poses were obtained. For molecular
dynamics (MD) system setups and ligand parametrisation
(Vanommeslaeghe et al., 2010), the CHARMM-GUI (Jo, Kim, lyer, &
Im, 2008; CHARMM, RRID:SCR_014892) was used. The quinine mol-
ecule was protonated at the tertiary N (pKa value of the quinolone
group: 9.7, O'Neil, 2013). Protein-ligand complexes obtained from
docking were embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine bilayer and solvated with TIP3P waters. K* ions were
placed in the selectivity filter at sites SO, S2, and S4, with water mol-
ecules at sites S1 and S3 and 0.15-M KCI added to the simulation
box. Energy minimisation, 20-ns equilibration, and three independent
50-ns production runs (with initial atom velocities assigned indepen-
dently and randomly) were performed using GROMACS v.5.1.2
(GROMACS, RRID:SCR_014565; Abraham et al, 2016) with the
charmm36 force field for protein molecules (incorporating CMAP
terms, Mackerell, Feig, & Brooks, 2004) and lipid molecules and salt
jons (Best et al., 2012; Klauda et al., 2010; MacKerell et al., 1998).
Electrostatics were modelled using particle mesh Ewald (Darden, York,
& Pedersen, 1993), and LINCS was used to constrain covalent chemi-
cal bonds to hydrogens (Hess, Bekker, Berendsen, & Fraaije, 1997).
Temperature was maintained at 310 K using velocity rescaling (V-
rescale; Bussi, Donadio, & Parrinello, 2007), and semi-isotropic pres-
sure coupling was accomplished using the Parrinello-Rahman barostat
(Parrinello & Rahman, 1981). MD trajectories were analysed using
VMD v.1.9.2 (VMD, RRID:SCR_001820; Humphrey, Dalke, &
Schulten, 1996) and GROMACS.

2.6 | Materials

Quinine was purchased from Tocris Bioscience (Bristol, UK) and was
diluted in extracellular solution to concentrations indicated in
Section 3. Quinine was applied locally via a glass capillary through a

custom-made application system.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
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Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017).

3 | RESULTS

3.1 | Voltage-independent but mode
shift-dependent inhibition of K,12.1 channels through
quinine at high concentrations

We started our pharmacological analyses by applying increasing con-
centrations of quinine to CHO cells transiently expressing human
Ky12.1. When activating K,12.1 with 600-ms voltage steps to 0 mV
from a holding potential of -~60 mV, quinine inhibited K,12.1 channels
with an ICso of 0.97 mM and a Hill coefficient of 1.0 (Figure 1a). At a
concentration close to the ICso (1 mM), this inhibition developed
within seconds and was partially reversible after removal of the drug
(Figure Sla,b). After having established the quinine sensitivity of
K,12.1, we set out to characterise effects of the substance on
voltage-dependent activation of the channels. Noteworthy, K,12.1
channels exhibit a mode shift of activation (also termed pre-pulse
facilitation or voltage-dependent potentiation; Dai & Zagotta, 2017;
Dierich et al., 2018; Dierich & Leitner, 2018; Li et al., 2015), which
designates stabilisation of the voltage-sensing domain in a “relaxed”
open state after prolonged depolarisation of the membrane potential
(Bezanilla, Taylor, & Fernandez, 1982; Villalba-Galea, Sandtner,
Starace, & Bezanilla, 2008). Most prominently, mode shift manifests
through a large shift of activation voltages to hyperpolarised poten-
tials following membrane potential depolarisation (Dai & Zagotta,
2017; Dierich et al., 2018; Dierich & Leitner, 2018; Li et al., 2015).
To induce mode shift, we applied conditioning potentials of -60 or
0 mV (200 ms) before a series of voltage steps to activate K,12.1
(pulse potentials: =140 to +20 mV; 600 ms; Figure 1b,c; c.f. Dierich
& Leitner, 2018; Dierich et al., 2018). Following the hyperpolarised
conditioning potential (-60 mV), half-maximal voltage (V) and slope
factor of K,12.1 channel activation were -30.0 + 2.0 mV and
14.9 + 1.1 mV, respectively (n = 6; Figure 1d-f). When we applied
the conditioning potential of 0 mV, V,, was -75.9 £+ 1.7 mV and s
was 10.6 + 0.5 mV (n = 6; Figure 1d-f). Depolarised conditioning
potentials thus induced a large (and significant) shift of the voltages
of activation of K, 12.1 channels to hyperpolarised potentials by about
-45 mV, representing their mode shift of activation (Dai & Zagotta,
2017; Dierich et al., 2018; Dierich & Leitner, 2018; Li et al., 2015).
Application of quinine (1 mM) shifted the voltage dependence of
K,12.1 to depolarised voltages for both conditioning potentials. As
this shift was more pronounced after the depolarised conditioning
potential (O mV; Figure 1d,e), the degree of mode shift was signifi-
cantly attenuated to about -23 mV in the presence of the substance
(Figure 1e). Application of quinine (1 mM) inhibited both steady-state
currents and tail currents through K,12.1 channels (Figure 1gh).
Following both conditioning potentials, quinine-induced inhibition of
steady-state K,12.1 currents was the same for all activating voltages

(Figure 1i; n = 6; e.g., for conditioning potential -60 mV: not significant
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FIGURE 1 Quinine inhibits human K,12.1 channels at high concentrations in a voltage-independent manner. (a) Dose-dependent inhibition of
recombinant K,12.1 channels through extracellular application of quinine. The panel shows representative recordings of a CHO cell expressing
human K,12.1 treated with increasing quinine concentrations (left) and the summarised quinine dose-response relationship (right; ICso and Hill
coefficient were calculated from a Hill fit to averaged recordings as shown in the left panel; solid line represents this fit). Scale bars, voltage
protocol, quinine concentrations, and number of cells as indicated. (b-f) Quinine induced the activation of recombinant K,12.1 channels at more
positive membrane potentials. Representative recordings of K,12.1 channels activated by voltage steps between -140 and +20 mV following
200-ms conditioning voltage steps to (b) =60 mV or (c) 0 mV before (control) and at the end of quinine application (1 mM). (d) Summary of voltage-
dependence of K,12.1 channels derived from Boltzmann fits to individual recordings as shown in (b, c); solid line represents Boltzmann fit to
averaged data. (e) Mean V,, of channel activation and (f) summarised s factors of activation before and at the end of quinine treatment (1 mM;
values derived from fits as shown in d). Quinine (1 mM) inhibited voltage-dependent (g) outward steady-state and (h) inward tail currents through
recombinant K,12.1 channels (current amplitudes analysed from recordings as shown in b, c). (i) Quinine-induced inhibition of K,12.1 was voltage-
independent (presented as % inhibition from data shown in (g); ns, no significant difference for quinine block between activating voltages of -40
and 20 mV). Note that quinine block was significantly more pronounced, when K,12.1 channels were activated at membrane potentials more
positive than =30 mV. *Significant difference of quinine block for both conditioning potentials
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(ns) between -40 mV and +20 mV, P = 0.54), that is, quinine inhibited
K,12.1 channels in a voltage-independent manner. However, quinine-
dependent block was significantly more pronounced following the
hyperpolarised conditioning potential (-60 mV) for activating voltages

wxn

more positive than =30 mV (indicated by “*” in Figure 1i). These data
demonstrated that to some extent, K,12.1 channels were more sensi-
tive to quinine block after conditioning depolarisation of the mem-
brane, and that accordingly, quinine block of K,12.1 channels

depended on mode shift.

3.2 | Quinine is a voltage- and mode shift-dependent
inhibitor of K,11.1 channels

We then compared our findings on K,12.1 to quinine-dependent
inhibition of closely related K,11.1. In line with a previous study
(Sanchez-Chapula et al., 2003), quinine inhibited recombinant K,11.1
channels with an ICso of 98 uM and a Hill coefficient of 1.3
(Figure 2a). Accordingly, the quinine affinity of K,11.1 channels was
about 10 times higher than that of K,12.1 (c.f. Figure 1a). As for
K,12.1, quinine-dependent inhibition of K,11.1 developed in seconds
and was partially reversible (50-uM quinine; Figure S1c,d). By applying
hyperpolarised (-60 mV) and depolarised (+40 mV) conditioning volt-
ages before the activating pulse potentials, we then analysed effects
of quinine on the voltage dependence of K,11.1 channels that also
exhibit mode shift of activation (Figure 2b,c). As previously reported
(Dierich et al., 2018; Tan, Perry, Ng, Vandenberg, & Hill, 2012),
depolarised conditioning potentials (+40 mV) significantly shifted the
voltage dependence of K,11.1 channels by about -50 mV compared
with the hyperpolarised conditioning potential (Figure 2d-f). Following
the hyperpolarised conditioning potential (-60 mV), quinine (50 uM)
significantly shifted the voltage dependence of K,11.1 channels by
-13 mV to more negative potentials (Figure 2d-f). As the voltage
dependence of K,11.1 was not altered following the depolarised con-
ditioning potential (+40 mV), the degree of mode shift was attenuated
in the presence of quinine (50 uM; Figure 2d,e). Quinine blocked both
voltage-dependent outward and inward currents through K,11.1
(Figure 2g,h). After the conditioning potential of -60 mV, the degree
of this inhibition was significantly increased, when the channels were
activated at more positive potentials (Figure 2i), that is, quinine block
was voltage dependent following the hyperpolarised conditioning
potential. In contrast, following the depolarised conditioning potential,
quinine block of K, 11.1 channels was completely voltage independent.
Thus, for K,11.1 channels, quinine-induced inhibition depended on
mode shift (c.f. quinidine; Furutani et al., 2011), but (in contrast to
K,12.1) the K,11.1 channels apparently were more sensitive to qui-
nine following the depolarised conditioning potential, when activated

at negative membrane potentials.

3.3 | Functional characterisation of K,12.1(H462Y)
channels

Sensitivity of human K,11.1 channels to several drugs has been
attributed to the amino acids T623, V625, Y652, and F656, located
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in the channels inner pore helix, selectivity filter, or sixth transmem-
brane segment (S6; Figure 3a; Lees-Miller et al., 2000; Mitcheson et al.,
2000; Sanchez-Chapula et al., 2002; Sanchez-Chapula et al., 2003). As
K,12.1 also carries threonine, valine, and phenylalanine at homologous
positions (T433, V435, and F466 in K,12.1), we hypothesised that the
amino acid exchange at position 462, where K,12.1 has a histidine
instead of the tyrosine (Figure 3a), determined the low quinine
sensitivity of K,12.1. To elaborate this hypothesis, we mutated
H462 in K,12.1 to the corresponding tyrosine (Y652) of K,11.1 and
characterised the K,12.1(H462Y) mutant in CHO cells. Recombinant
K,12.1(H462Y) channels produced robust voltage-dependent and out-
wardly rectifying K* currents (Figure 3b,c). However, K,12.1(H462Y)-
mediated whole-cell currents were significantly smaller than for the
wild-type channels (Figure 3b-d), and the mutant channels activated
significantly faster than the wild-type, when activated through
voltage steps between -40 and O mV (Figure 3e). For conditioning
voltages of -60 and 0 mV, V},, was -38.0 + 1.8 mV and -73.6 + 1.6 mV,
respectively, demonstrating that K,12.1(H462Y) channels also exhib-
ited a mode shift of activation (Figure 3f-h; n = 9). However, in the
mutant, mode shift was attenuated compared with wild-type to about
-35 mV (=45 mV in wild-type; c.f. Figure 1), mainly because
K,12.1(H462Y) activated at significantly more negative membrane
potentials after the hyperpolarised conditioning potential of ~60 mV
(Figure 3f-h). The voltage dependence of wild-type and mutant
channels was the same after the conditioning potential of 0 mV
(Figure 3f-h).

3.4 | Histidine at position 462 determines the
quinine sensitivity of human K,12.1

When applying increasing quinine concentrations to CHO cells
expressing K,12.1(H462Y), we found that quinine inhibited this
channel mutant with an ICsq of 56 uM and a Hill coefficient of 1.1
(Figure 4a). Thus, the quinine affinity of K,12.1(H462Y) was about
17-fold higher than that of the wild-type channels and accordingly
more similar to K, 11.1 (c.f. Figures 1a and 2a). As for K, 12.1 wild-type,
application of quinine (50 uM) blocked inward and outward currents
through K, 12.1(H462Y) (Figure 4b-e), but in contrast to the wild-type
channels, quinine-mediated inhibition of K,12.1(H462Y) was rapidly
reversible (Figure Sle,f). Noteworthy, we detected a transient increase
of currents in the presence of quinine, when activating K,12.1(H462Y)
at membrane voltages more positive than 0 mV (following the
hyperpolarised conditioning potential; Figure 4b). This observation
indicated that channel opening may be required for quinine-
dependent inhibition of K,12.1(H462Y). In line, quinine-induced inhi-
bition of K,12.1(H462Y) was more pronounced, when the channels
where activated at more positive membrane voltages, that is, quinine
block of K,12.1(H462Y) was voltage dependent following positive
and negative conditioning potentials (Figure 4f). For K,12.1(H462Y)
channels, this voltage dependence of quinine block presumably also
caused a reduction of tail currents at depolarised activating voltages

after conditioning potential of 0 mV (Figure 4e,g). Of special note, in
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FIGURE 2 Voltage-dependent inhibition of K,11.1 channels induced by quinine. (a) Quinine inhibited K,11.1 channels transiently expressed in
CHO cells in a concentration-dependent manner. The left panel shows representative recordings of a CHO cell expressing K,11.1 treated with
increasing quinine concentrations, the right panel depicts the summarised quinine dose-response relationship (ICsq and Hill coefficient calculated
from a Hill fit to averaged data; solid line represents Hill fit). Scale bars, voltage protocol, quinine concentrations, and number of cells recorded as
indicated. (b-f) After a conditioning potential of -60 mV, quinine induced activation of recombinant K,11.1 channels at more negative membrane
potentials. Representative recordings of K,11.1 channels activated with voltage steps (as indicated) after conditioning voltage steps to (b) ~60 mV
or (c) +40 mV before (control) and at the end of the application of quinine (50 uM). (d) Summary of voltage-dependence of K,11.1 channels
derived from Boltzmann fits to individual recordings as shown in (b, c); solid line represents Boltzmann fit to averaged data. (€) Mean V}, of channel
activation and (f) summarised slope factors of activation before and at the end of quinine application (50 uM; values derived from fits as shown in
d). Quinine (1 mM) inhibited voltage-dependent (g) outward steady-state and (h) inward tail currents through recombinant K,11.1 channels
(current amplitudes analysed from recordings as shown in b, c). (i) Quinine-induced inhibition of K,11.1 was voltage-dependent after conditioning
potential of 60 mV but not after the depolarised conditioning potential of +40 mV (presented as % inhibition from data shown in g). *denotes
significant differences

contrast to K,12.1 wild-type channels, quinine block of K, 12.1(H462Y) (50 uM) shifted the voltage dependence of K,12.1(H462Y) by
was the same following both conditioning potentials and thus was -11mV and -10 mV to hyperpolarised potentials after conditioning
independent on mode shift. Contrary to K,12.1 wild-type, quinine voltages of 60 mV and O mV respectively (Figure 4g-i).
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FIGURE 3 Characteristics of the K,12.1(H462Y) channel mutant. (a) The panel shows an alignment of K,11.1 isoforms from humans and rats
(encoded by the KCNH2 gene) with human K,12.1 channels (KCNH8 gene). Amino acids recently identified as important for quinoline-
dependent inhibition of K,11.1 channels are highlighted in colour (green, identical amino acids; red, amino acid exchange in K,12.1; see text for
details and references). Note that the quinine-binding “motif” of K,12.1 differs only at one position from K,11.1 channels. (b-h) Biophysical
characteristics of K,12.1(H462Y; red) in comparison with K,12.1 wild-type channels (black). (b, c) Representative recordings of currents through
K,12.1 wild-type (black) and K,12.1(H462Y; red) channels activated with the shown voltage protocols. (d) Steady-state outward currents
through K,12.1(H462Y) were significantly smaller than through K,12.1 wild-type channels, and (e) K,12.1(H462Y) activated significantly faster
than wild-type channels, when activated through voltage steps between -40 and O mV (t derived from monoexponential fits to activating current
components in recordings shown in b, c). (f-h) K,12.1(H462Y) activated at significantly more negative membrane potentials than wild-type
channels after conditioning potential of -60 mV. (f) Summary of voltage-dependence of K,12.1(H462Y) channels derived from Boltzmann fits to
individual recordings as shown in (b, c); solid line represents Boltzmann fit to averaged data. (g) Mean V,, of channel activation and (h) summarised
slope factors of activation (data on K,12.1 wild-type channels are reproduced from Figure 1). *denotes significant differences

3.5 | K,12.1(H462Y) channels exhibit K,11.1-like was more similar to K,11.1 than to the wild-type channels (Figure 5a).
quinine sensitivity Application of quinine induced opening of wild-type K,12.1 channels

at more positive potentials but at more negative values for
In summary, K,12.1(H462Y) exhibited a 17 times higher quinine affin- K,12.1(H462Y) and K,11.1 (Figure 5b). Quinine inhibited K,12.1
ity than K,12.1 wild-type, that is, quinine sensitivity of K,12.1(H462Y) channels in a voltage-independent manner, but quinine block was
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FIGURE 4 Voltage-dependent inhibition of K,12.1(H462Y) channels through quinine at low concentrations. (a) Extracellular application of
quinine inhibited K,12.1(H462Y) channels overexpressed in CHO cells. The panel shows representative recordings of a CHO cell expressing
K,12.1(H462Y) treated with increasing quinine concentrations (left) and the summarised dose-response relationship (right; ICso and Hill
coefficient were calculated from a Hill fit to averaged recordings as shown in the left panel; solid line represents Hill fit). Scale bars, voltage
protocol, quinine concentrations, and number or cells recorded as indicated. (b-i) Quinine inhibited inward and outward currents through
K,12.1(H462Y) channels and induced channel activation at more negative membrane potentials. Representative recordings of recombinant K,12.1
channels activated by voltage steps between -140 and +20 mV following 200-ms conditioning voltage steps to (b) =60 mV or (c) O mV before
(black) and at the end of quinine application (50 uM; red). Summarised voltage-dependent (d) steady-state currents and (e) inward tail currents
through K,12.1(H462Y) before (black) and at the end of quinine treatment (50 uM; current amplitudes analysed from recordings as shown in b, c).
(f) Quinine-induced inhibition of K,12.1(H462Y) was voltage-dependent (presented as % inhibition from data shown in d). (g-i) Summary of
voltage-dependence of K,12.1(H462Y) channels derived from Boltzmann fits to individual recordings as shown in (b, c); solid line represents
Boltzmann fit to averaged data. (h) Mean V,, of channel activation and (i) summarised slope factors of activation before and at the end of treatment
with quinine (50 uM; values derived from fits as shown in g). *denotes significant differences
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FIGURE 5 The inhibition induced by quinine of K,12.1(H462Y) channels shows K,11.1-like characteristics. This figure summarises our
findings on K,12.1 wild-type channels and H462Y mutant as well as on K,11.1 wild-type channels (data are reproduced from Figures 1-4).
(a) The affinity of K,12.1(H462Y) for quinine was 17-fold higher than that of the wild-type and accordingly very similar to K,11.1. (b) Quinine
induced activation of K,12.1 channels at more positive potentials following the hyperpolarised (-60 mV) and the depolarised conditioning
potential (0 mV). In contrast, K,12.1(H462Y) and K,11.1 channels activated at more negative membrane potentials in the presence of quinine
following the hyperpolarised conditioning potential. Only slight changes of voltage-dependence of K,12.1(H462Y) and K,11.1 channels were
detected during application of quinine following the depolarised conditioning potential. (c, d) Quinine-mediated block was voltage-independent
for K,12.1 but voltage-dependent for K,12.1(H462Y). Note that quinine inhibition of K,11.1 channels was voltage-dependent only following
the hyperpolarised conditioning potential. Summaries of quinine-induced inhibition (% of controls) for (c) the hyperpolarised and for (d) the
depolarised conditioning membrane potential. Quinine was applied at 1 mM for K,12.1 channels and at 50 uM for K,12.1(H462Y) and K,11.1.
Mode shift was induced through conditioning potentials of -60 and 0 mV for K,12.1 isoforms and at -60 and +40 mV for K,11.1 channels

completely voltage dependent for K,12.1(H462Y) and partially
voltage dependent (after hyperpolarised conditioning potentials)
for K,11.1 channels (Figure 5c,d). In contrast to K,12.1(H462Y),

like quinine sensitivity to K,12.1 channels. Based on these findings,
we conclude that H462 determines the low quinine sensitivity

and the characteristics of quinine-dependent inhibition for K,12.1

K,12.1 wild-type channels apparently were more sensitive to quinine
after conditioning hyperpolarisation of the membrane (c.f. Figure 1i),
that is, for K,12.1 wild-type channels, quinine-induced inhibition
depended on mode shift (just as for K,11.1 channels). Accordingly,
closely related K,12.1 and K,11.1 channels exhibited markedly
different quinine sensitivity and characteristics of inhibition, but
introduction of the H462Y amino acid exchange conferred K,11.1-

channels and that the binding pocket for substituted quinolines
in the central cavity is not completely conserved within the
Eag superfamily of K, channels. However, as the H462Y point
mutation restored K,11.1-like quinine sensitivity in K,12.1, these
findings demonstrated that the quinoline-binding pocket also
exists in K,12.1 and that thus the overall architecture of the chan-

nels is similar.
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FIGURE 6 Molecular interactions of quinine with K,12.1, K,12.1(H462Y), and K,11.1. (a) Top-view representations of K,12.1 (left),
K,12.1(H462Y; middle), and K,11.1 (right) channels with docked quinine (green-cyan spheres). (b) Top and (c) side view of the quinine-binding
site after 50 ns of molecular dynamics simulations for K,12.1 (left), K,12.1(H462Y; middle), and K, 11.1 (right). Directly interacting residues, as well
as position 462 in K,12.1 isoforms (652 in K,11.1), are presented as sticks, with oxygen atoms coloured in red and nitrogen atoms coloured in
blue. Yellow lines indicate m-stacking interactions, while red lines indicate H bonds. (d) Stability of the pore domains (excluding extracellular loops),
measured as the root-mean-square deviation (RMSD) as a function of 50-ns simulation time

3.6 | H462 determines the low quinine affinity of
human K,12.1 channels

To elucidate the molecular principles of the low quinine affinity of
K,12.1, we performed molecular docking and subsequent MD
analyses (Figure 6). Quinine binding to the pore helix/S6 domain
(amino acids S353-Y477) of K,12.1 and K,12.1(H462Y) channels
was studied using homology models based on the cryo-EM structure
of human K,11.1 (Wang & MacKinnon, 2017). We also utilised the
available structural information to study quinine binding to K,11.1
channels. Molecular docking suggested that quinine binds below
residue H462 into the central cavity of human K,12.1 (Figure 6a, left
panel), with an estimated binding affinity (Chemscore.DG) of
-20.5 kJ-mol™L. To validate the stability and refine the binding pose

obtained from docking, we performed three independent 50-ns MD
simulations of the highest scored docking pose. Overall, quinine
remained stable in these MD simulations, as indicated by root-mean-
square deviation (RMSD) below 2 A (Figure 6d, left panel). Further,
-1t stacking between methoxyquinoline group and H462 from one
subunit was maintained throughout 50 ns of MD simulation (Figure 6
b,c, left panel). Similar to wild-type channels, quinine docked into the
central cavity of K,12.1(H462Y) without any obvious interactions to
the residues of the selectivity filter (Figure 6a-c, middle panel). In
K,12.1(H462Y), nt-mt interactions with the methoxyquinoline moiety
were also observed; however, in the mutant channel, these interac-
tions are formed with mutated Y462 side chains from two adjacent
subunits. Additionally, we observed a hydrogen bond between Y462

and quinoline moiety of quinine in the majority of docking poses that
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remained stable throughout the 50-ns MD simulations. In agreement
with our experimental findings, the estimated quinine-binding affinity
of -31.1 kJ:mol™? for K,12.1(H462Y) was considerably higher than
for wild-type K,12.1 channels. In line, in the simulations, an additional
hydrogen bond between the methoxy group of quinidine and the res-
idue T470 formed in the mutant channels (Figure 6c, middle panel). As
shown in Figure 6d, the binding pose of quinine was highly stable in
MD simulations, with an RMSD of about 1 A. In the K,11.1 cryo-EM
structure (Wang & MacKinnon, 2017), quinine was also predicted to
bind slightly below Y652, in the central cavity, with favourable hydro-
phobic interactions with Y652 residues of all subunits and with F656
from only one subunit. Also, in line with our experimental findings,
the estimated affinity of quinine binding to K,11.1 wild-type channels
amounts to -33.9 kJ-mol™ in our simulations and thus was similar to
K,12.1(H462Y) and higher than that of wild-type K,12.1 channels.
Further, -t interactions with Y652 and F656 residues in K,11.1 from
opposite subunits were predicted by these simulations (Figure éb,c,
right panel), again leading to a very stable binding mode with RMSD
values of ~1 A (Figure 6d, right panel).

In summary, molecular modelling revealed that weak interactions
between quinine and particularly H462 determined the low affinity
and sensitivity of K,12.1 wild-type channels to quinine. The higher
affinity of K,12.1(H462Y) channels and of the closely related K,11.1
can be explained by more favourable interactions with the drug,
mainly at position Y462, and in the case of K,11.1 additionally with
F656 from one subunit. Surprisingly, despite the conservation of this
second aromatic side chain between K,11 and K, 12 channels, interac-
tions with this second aromatic residue are completely absent in the
K,12.1 (Figure 6b, left panel vs. right panel). However, also in K,11.1
channels, these interactions are relatively weak due to a preferred
orientation of the Y652/F656 side chains towards helix S5 (see
Figure S2, for orientation of aromatic side chains at positions
H462/F466 in K,12.1 wild-type and Y652/F656 in K,11.1 wild-type

channels in simulations).

4 | DISCUSSION

Substituted quinolines are well-known antimalarial agents (quinine
and chloroquine) and antiarrhythmic drugs (quinidine; Bozic, Uzelac,
Kezic, & Bajcetic, 2018). As considerable side effect, these substances
inhibit K,11.1 channels at low micromolar concentrations, which may
result in acquired (drug-induced) LQT syndrome, syncope, and sudden
death in humans (Mitcheson et al., 2005; Mitcheson et al., 2000;
Sanguinetti & Tristani-Firouzi, 2006). Several mutagenesis studies
have attributed the susceptibility of K,11.1 to drug-dependent
block to amino acids in the pore domain of these channels, threonine
623 and valine 625 of inner pore helix and selectivity filter, respec-
tively, as well as tyrosine 652 and phenylalanine 656 in the sixth
transmembrane segment (S6; Mitcheson et al., 2000; Sanchez-
Chapula et al., 2002; Sanchez-Chapula et al., 2003). On the one hand,
valine 625 (together with other residues such as asparagine 588,

serine 631, and serine 620) controls drug sensitivity of K,11.1
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through its contribution to channel inactivation that has been shown
to be necessary for channel inhibition by several high-affinity
blockers (e.g., Kamiya et al., 2006; Perrin et al., 2008; Wu et al,,
2015). On the other hand, some of these residues form
hydrophobic pockets in combination with other amino acids at the
inner surface of the small central cavity of K,11.1 channels (Wang
& MacKinnon, 2017). These pockets are endowed with high electro-
negative potentials and therefore favour binding of positively charged
drugs (Wang & MacKinnon, 2017). The exclusive sensitivity of K,11.1
to a wide variety of drugs with diverging structures is explained by
the absence of such binding pockets in other K* channels (Wang &
MacKinnon, 2017).

Closely related K,10 and K,12 channels share high similarity to
Ky11.1, which suggests that these channels also possess analogous
drug-binding pockets, similar drug sensitivity, and characteristics of
inhibition (Bauer & Schwarz, 2018). Indeed, the respective amino
acids determining the susceptibility of K,11.1 to quinoline block
are conserved in K, 10 channels. However, whereas K,10.1 displayed
the same sensitivity to quinidine-dependent inhibition as K,11.1,
quinidine sensitivity of K,10.2 channels was 100-fold lower (Gessner
et al.,, 2004; Lees-Miller et al., 2000; Sanchez-Chapula et al., 2003;
Schonherr et al., 2002). The lower susceptibility of the K,10 iso-
forms to drug-induced inhibition is explained by their lack of
inactivation, that is, conformational reorientations during inactivation
necessary for high affinity drug block in K,11.1 do not occur in K,10
channels (Chen et al., 2002; Ficker et al., 1998; Ficker et al., 2001).
Thus, the lower sensitivity of K,10 channels indicates that additional
drug interaction sites outside the central binding motif might deter-
mine drug block in these channels (Gessner et al., 2004; Schonherr
et al, 2002). We wondered whether K,12.1 channels possess a
quinoline-binding pocket analogous to K,10.1 and K,11.1 channels
despite an amino acid exchange at position 462. We found that
quinine inhibited K,12.1 channels, but their sensitivity was 10 times
lower than that of K,11.1 channels. Thus, K,12.1 constitutes a
natural variant of Eag superfamily channels with low quinoline-

binding affinity.

4.1 | H462 determines quinine sensitivity of K,12.1

The quinoline-binding “motif” of K,11.1 is not completely conserved
in the three members of the K, 12 channel family that carry a histidine
at the position homologous to tyrosine 652 in K,11.1 (H462 in K,12.1;
c.f. Figure 3a). As in K,11.1, this aromatic residue determines the
quinoline-binding affinity (Lees-Miller et al., 2000; Sanchez-Chapula
et al, 2003), we hypothesised that this small sequence difference
explained the 10-fold lower quinine sensitivity of K,12.1. Indeed,
replacing this histidine in K,12.1 with the respective tyrosine of
K,11.1 through site-directed mutagenesis dramatically increased the
quinine affinity of K,12.1(H462Y). In fact, quinine sensitivity of
K,12.1(H462Y) was more similar to K,11.1 than to wild-type K,12.1.
Our findings are supported by earlier studies showing that mutating

Y652 dramatically changes quinidine sensitivity of K,11.1 channels,
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for example, introduction of an alanine at this position caused a
threefold K,11.1(Y652A)
channels (Sanchez-Chapula et al., 2003). Utilising molecular modelling

reduction of quinidine affinity in
simulations, we found that the low sensitivity of K,12.1 channels may
be explained by only weak interactions between quinine and amino
acids in the central cavity (including H462). Noteworthy, in
K,12.1(H462Y) channels, more favourable interactions developed that
most probably rendered this channel mutant more sensitive to qui-
nine. In line with our experimental findings, docking analyses predicted
considerably lower quinine affinities for K,12.1 (-20.5 kJ-mol™),
compared with the K,12.1(H462Y) mutant (-31.1 kJ-mol™l) and
K,11.1 wild-type channels (-33.9 kJ-mol™). Our models predicted a
key difference in the orientation and interactions of the first aromatic
side chain, which limits hydrophobic and m-7t interactions in K,12,
while providing strong interactions in K,11 channels. Taking together,
our findings are in good agreement with a hypothesis previously
published by the Sanguinetti group (Chen et al., 2002). Thus, our
modelling approach recapitulated experimental findings on K,11.1
(Sanchez-Chapula et al., 2003) and provided a ready and straightfor-
ward explanation for the higher quinine affinity of K,11.1 and
K,12.1(H462Y) compared with K,12.1 wild-type channels.

Yet, as mentioned above, drug sensitivity of K,11.1 channels is
determined by channel inactivation (e.g., through V625, N588, S631,
and S620; Ficker et al, 1998; Ficker et al., 2001; Kamiya et al.,
2006; Perrin et al., 2008; Wu et al., 2015). As shown for K,10 chan-
nels (Chen et al., 2002; Ficker et al., 1998; Ficker et al., 2001), lack
of inactivation might contribute to low drug sensitivity of K,12.1
channels. However, above-mentioned residues (except N588 where
K,12.1 has an E) are conserved in K,12.1 channels, and the single
amino acid exchange H462Y sufficed to significantly lower the quinine
affinity of these channels (even slightly below that of K,11.1 channels;
c.f. Figure 5a). We thus estimate that relevance of these amino acids
for drug interactions is low in K,12.1, but we cannot provide any
evidence for this assumption at present. Thus, further work is needed
to elucidate whether these residues also determine drug sensitivity in
K,12 family members and whether the channel mutant inactivates at
all (e.g., during prolonged depolarisations).

Importantly, our findings once again highlight that Yé52
determines quinoline sensitivity in closely related K,11.1 channels
(Lees-Miller et al., 2000; Macdonald, Kim, Kurata, & Fedida, 2018;
Sanchez-Chapula et al., 2002; Sanchez-Chapula et al., 2003).
Although indicated by an early report analysing binding of chloro-
quine to K,11.1 in silico (Sanchez-Chapula et al., 2002), we did not
detect any cation-mt interactions between quinine and K,11.1,
K,12.1, or K,12.1(H462Y) channels. Noteworthy, our simulations
support a recent study that utilised unnatural amino acid incorpora-
tion to show that cation-7t interactions at position Y652 are not rel-
evant for drug binding in K,11.1 channels (Macdonald et al., 2018).
Based on these findings, we conclude that H462 determines the
low quinine sensitivity of K,12.1 and that possibly no amino acid
motifs outside the central cavity contribute to quinoline binding in
K,12.1 channels (for K,10, see Gessner et al., 2004; Schonherr

et al, 2002). Thus, as far as quinoline sensitivity is concerned,

K,12 channels are probably more similar to other K, families that
typically carry isoleucine or valine at this position than to closely
related K,11 channels.

4.2 | H462 determines characteristics of
quinine-dependent inhibition in K,12.1

Our experiments showed that quinine-induced inhibition of K,12.1
channels was largely voltage independent and characterised by a shift
of activation voltages to depolarised potentials. Although it has been
shown that many inhibitors (including quinidine or chloroquine;
Sanchez-Chapula et al., 2003; Sanchez-Chapula et al., 2002) preferen-
tially block activated K,11.1 channels, we did not find any evidence
for such quinine-dependent open channel block for K,12.1 wild-type
channels. Transient activation of K,12.1(H462Y) channels at
depolarised membrane potentials in the presence of quinine (c.f.
Figure 4b), however, might indicate such open channel block for the
channel mutant, but we consider that further work including other
inhibitors is needed to elucidate whether the amino acid position
462 indeed determines open channel block in K,12.1 channels.

As K,12.1 wild-type channels were more sensitive to quinine after
conditioning hyperpolarisation of the membrane, quinine block
depended on mode shift, in contrast to K,12.1(H462Y) that were
inhibited by quinine independent on conditioning potentials. Although
we do not have any evidence for this assumption yet, conformational
changes associated with establishment of mode shift might thus ren-
der K,12.1 channels less sensitive to quinine. Quinine inhibited
K,11.1 more significantly, when the channels were activated at
depolarised potentials, but only following the hyperpolarised condi-
tioning potential. Thus, quinine block of K,11.1 also depended on
mode shift, but the underlying mechanisms may be different between
K11 and K,12 channels. In contrast to K,12.1 wild-type channels,
quinine induced K,11.1 channel opening at more negative membrane
potentials in line with a previous report (Sanchez-Chapula et al.,
2003). Interestingly, the H462Y amino acid exchange conferred
K,11.1-type characteristics of quinine-dependent inhibition to
K,12.1 channels. Thus, H462 determines not only quinine sensitivity
but also the characteristics of quinine-dependent inhibition in K,12.1
channels. Likewise, mutating the homologous tyrosine substantially
changed the voltage dependence of quinoline block in K,11.1, that
is, voltage dependence was abolished in K,11.1(Y652F), but it was
completely reversed in K,11.1(Y652A) channels (Sanchez-Chapula
et al., 2003). Yet the molecular mechanisms underlying such voltage-
dependent inhibition remain elusive for the K,12.1 mutant, as well
as for K,11.1 channels. It was hypothesised earlier for chloroquine-
induced block of K,11.1 that Y652 might change position during
voltage-dependent gating, thereby generating a depolarisation-
induced binding pocket with higher affinity (Sanchez-Chapula et al.,
2003). This may induce pronounced channel inhibition during channel
activation at more depolarised membrane potentials. Accordingly, as
proposed for K,11.1 carrying mutations at position 652 (Sanchez-
Chapula et al., 2003), the low quinine affinity of K,12.1 wild-type
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channels might prevent generation of an analogous binding site with
higher affinity, which might account for lack of voltage dependence
in these channels. Thus, similar molecular mechanisms may apply for
K,11.1 and K,12.1 during drug-induced inhibition, but we cannot pro-

vide any evidence for such processes at present.

4.3 | Conclusion and significance

We showed that K,12.1 is a natural variant of Eag superfamily chan-
nels with low quinine sensitivity. Thus, the drug-binding pocket in
the central cavity is not completely conserved in the Eag superfamily
of K, channels, which highlights functional and pharmacological
diversity within this group of evolutionary conserved ion channels.
However, our work also demonstrated that the drug-binding pocket
exists in K,12.1 and that thus the overall architecture of the channels
is similar. Further work is needed to elucidate whether K,12.1 chan-
nels are also endowed with lower sensitivity to the many more drugs
that block closely related K,11.1.
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Supplementary Figure 1. Rapid inhibition of recombinant K 12.1, K 11.1 and K 12.1(H462Y)
channels through quinine.

(A,C,E) Within seconds, application of quinine inhibited currents through (A) K 12.1, (C) K,11.1 and
(E) K,12.1(H462Y) channels transiently overexpressed in CHO cells. The left panels show
representative recordings of CHO cells expressing these channel subunits before application of quinine
(control; black), at the end of quinine treatment (red) and several minutes after wash-out of the
substance (grey). The right panels show analyses of the time course of current amplitudes recorded in
these experiments upon application of quinine. Data are presented as normalised to base line current
amplitudes (I/1_,,,,)- (B,D,F) In the same cells, application of quinine induced reversible depolarisation
of the membrane potential. All Voltage-protocols, scale bars, quinine concentrations and time points
after wash-out as indicated.
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K,12.1(H462Y) (run 1) K,11.1 wt (run 1)

K,12.1 wt (run 2) K,12.1(H462Y) (run 2) K,11.1 wt (run 2)
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Supplementary Figure 2. Molecular dynamics of residues H462/F466 in (K ,12.1 and

K 12.1(H462Y)) and Y652/F656 (in K 11.1).

Top view of superposed snapshots from 3 independent 50 ns molecular dynamics simulations of
residues H462/F466 in K 12.1 wt (left column) and K 12.1(H462Y) (middle column) and of
corresponding residues Y652/F656 in K 11.1 wt channels (right column).
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SUMMARY

Auditory inner hair cells (IHCs) convert sound vibrations into receptor potentials that drive synaptic transmis-
sion. For the precise encoding of sound qualities, receptor potentials are shaped by K* conductances tuning
the properties of the IHC membrane. Using patch-clamp and computational modeling, we unravel this mem-
brane specialization showing that IHCs express an exclusive repertoire of six voltage-dependent K* conduc-
tances mediated by K, 1.8, K, 7.4, K,11.1, K,12.1, and BK, channels. All channels are active at rest but are
triggered differentially during sound stimulation. This enables non-saturating tuning over a far larger potential
range than in IHCs expressing fewer current entities. Each conductance contributes to optimizing responses,
but the combined activity of all channels synergistically improves phase locking and the dynamic range of
intensities that IHCs can encode. Conversely, hypothetical simpler IHCs appear limited to encode only
certain aspects (frequency or intensity). The exclusive channel repertoire of IHCs thus constitutes an evolu-

tionary adaptation to encode complex sound through multifaceted receptor potentials.

INTRODUCTION

The mammalian inner ear processes sound over a wide range
of frequencies and intensities. This high performance is real-
ized through the conversion of a tonotopic sound-frequency
map along the basilar membrane into electrical signals in inner
hair cells (IHCs) and outer hair cells (OHCs) (Robles and Rug-
gero, 2001; Schwander et al., 2010). In these cells, sound-
induced deflection of actin-based stereocilia (hair bundle)
controls the activity of mechano-electrical transduction
(MET) channels (Beurg et al., 2009; Pan et al., 2018; Ricci
et al., 2006). This gives rise to depolarizing and hyperpolariz-
ing receptor potentials (Schwander et al., 2010) that in OHCs
drive somatic length changes thought to provide cochlear
amplification associated with high sensitivity and sharp fre-
quency selectivity in mammals (Dallos et al., 2008; Liberman
et al., 2002; Zheng et al., 2000). In IHCs, depolarization acti-
vates voltage-gated Ca®* channels that control neurotrans-

Check for
updates

mitter release triggering action potential firing in auditory neu-
rons (Platzer et al., 2000).

Receptor potential characteristics vary significantly along the
cochlear axis. In apical (low-frequency) IHCs, they exhibit a phasic
(AC) component following sound frequency precisely up to few
kilohertz (Dallos, 1985a, 1985b; Johnson, 2015; Russell and Sell-
ick, 1978). In high-frequency basal IHCs, the AC component is
attenuated and receptor potentials show predominant sustained
(DC) potentials proportional in size to sound intensity ( Johnson,
2015; Russell and Sellick, 1978). In the gerbil, the IHC membrane
is intrinsically tuned to efficiently encode sound phase (frequency
following) or intensity (intensity following) in the cochlear apex and
base, respectively (Johnson, 2015). This is achieved through tono-
topically graded activity of MET channels and accordingly depo-
larized resting potentials, larger resting conductance, and faster
membrane time constants, enabling more precise AC potentials
in apical IHCs (Johnson, 2015). IHCs along the tonotopic axis
are characterized by graded combinations of three basolateral
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voltage-dependent K* currents classified into fast-activating I« s,
slowly activating Ik s, and negatively activating Ik , based on their
characteristics (Kros and Crawford, 1990; Kros et al., 1998; Oliver
et al., 2003). These currents determine electrical IHC membrane
properties, thereby controlling the shape and amplitude of the re-
ceptor potentials (Johnson, 2015; Kros and Crawford, 1990; Kros
et al., 1998; Marcotti et al., 2003). Amplitudes of the basolateral
currents vary gradually along the tonotopic axis (Johnson, 2015;
Marcotti et al., 2003), which may be critical for intrinsic tuning of
the IHC membrane to encode complex sound (Johnson, 2015).
It is unknown whether such gradual amplitude changes are a gen-
eral mechanism for intrinsic membrane tuning across species,
although there is evidence for such tonotopic gradients in mice
(Marcaotti et al., 2003).

lk.n and Il s are mediated by K, 7.4 and BKc, subunits, respec-
tively (Kharkovets et al., 2006; Ruttiger et al., 2004 ), but the mo-
lecular identity of the channels mediating | ¢ s is unknown. It re-
mains elusive whether the expression of the different K*
currents provides physiological advantages to encode sound.
We identified the K™ channels underlying Ik s in mature IHCs
and implemented all K" channels into an extended biophysical
model to unravel their physiological relevance. We show that
mature IHCs express at least six independent K* current entities
with distinct biophysical properties that synergistically optimize
the encoding of complex sound in the cochlea.

RESULTS

Pharmacological Isolation of Ik ¢

In mice, IHC K* conductances are fully developed at the end of
the third postnatal week (Marcotti et al., 2003). We analyzed
IHCs in the last cochlear turn of C57BL/6J mice (either sex) be-
tween 19 and 21 days after birth and refer to these as mature
IHCs. As shown earlier (Kros and Crawford, 1990; Kros et al.,
1998; Marcotti et al., 2003, 2004; Oliver et al., 2003), depolarizing
voltage steps elicited large outwardly rectifying K™ currents in
these IHCs (Figure 1A). To identify the underlying channels, we
isolated Ik ¢ by inhibiting Ik s and I p.

We inhibited |k through the extracellular application of the
BKca antagonist iberiotoxin (IbTX; 100 nM) (Lingle et al., 2019;
Marcotti et al., 2003, 2004) or with the unspecific K™ channel
blocker tetraethylammonium (TEA) (5 mM) (Oliver et al., 2003;
Thurm et al., 2005). Both inhibited K* currents with the same char-
acteristics and amplitudes (at 0 mV: IbTX sensitive ~32%, TEA
sensitive ~34% of control currents; Figures 1A, 1B, S1A, and
S1B). IbTX and TEA did not depolarize IHC resting membrane po-
tentials (IbTX: n=9; TEA: n=10; Figure 1C; Oliver et al., 2003) and
thus did not affect non-l s currents (Kimitsuki et al., 2010; Oliver
et al., 2003). Due to the faster time course (Figure S1A), we
used TEA (5 mM) for Ik ¢ inhibition in further experiments.

We inhibited Ix,, with the specific K,7 antagonist XE991
(10 uM; Figures 1D and S1C) (Kharkovets et al., 2006; Oliver
et al., 2003), which depolarized the resting membrane potential
of untreated IHCs by ~+8 mV (n = 8; Figure 1E, black). This
was the same, when XE991 was applied after TEA (5 mM;
n = 6; Figure 1E, red), demonstrating TEA insensitivity of | x , (Ki-
mitsuki et al., 2010; Oliver et al., 2003). We calculated XE991-
sensitive currents by subtracting currents after the application
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of XEQ91 from controls (Figures 1F and 1G). The XE991-sensitive
currents consisted of two fractions: a small component activated
at negative membrane potentials (V, = —85.5 + 5.1 mV; n = 5)
and a larger component activated at more depolarized potentials
(Vh,=—17.8 £ 3.2 mV; n = 5; Figure 1F).

After the inhibition of | s and Ik », the IHC resting membrane
potential was close to —65 mV (Figure 1E), and large outward
currents remained (Figures 1H and S1D) that are generally
referred to as Ix s (Johnson, 2015; Marcotti et al., 2003, 2004).

Identification of K, Subunits Underlying Ik s

We screened datasets provided by the SHIELD database for
mRNA transcripts of voltage-gated K* (K,) channels (Liu et al.,
2014; Schefferetal., 2015; Shen et al., 2015). Taking K, 7.4, which
mediates Ik , as a reasonable expression threshold (Kharkovets
et al., 2006), we considered levels of K,1.8, K,3.3, K,11.1, and
Ky12.1 in a single-cell transcriptome analysis of mature IHCs as
indicative of their presence in IHCs (Figure S2; Liu et al., 2014).
We therefore asked whether these channels contribute to | ¢ in
IHCs.

K,11.1 Channels Are Active at Rest in IHCs

We started with analyzing the expression of K,11 channels
(Ky11.1-K,11.3) with reverse-transcriptase PCR (RT-PCR) and
detected mRNA transcripts of K,11.1, K,11.2, and K,11.3 in
cochlear lysates of wild-type (WT) mice ( Figure 2A). Confocal mi-
croscopy demonstrated strong anti-K,11.1 immunosignals in the
IHC membrane (Figure 2B) that were completely absent in mice
carrying hair cell-specific deletion of the Kcnh2 gene encoding
K,11.1 (Kcnh2"°~/7). We did not detect any immunosignals
against K,11.2 or K,11.3 in IHCs (Figure S3A), although the pri-
mary antibodies reliably detected recombinant subunits (Fig-
ure S3B). Supporting our initial screen (Figure S2), K,11.1 thus
is the exclusive K, 11 family member in IHCs. In untreated IHCs,
the specific K, 11 antagonist E-4031 (20 uM) (Ishii et al., 2003; Tru-
deauetal., 1995) inhibited substantial K, currents (n = 10; Figures
2C and S3C) and significantly depolarized the resting membrane
potential by ~+7 mV (n=10; p < 0.05; Figure 2E). E-4301-sensi-
tive currents and depolarization were completely absent in IHCs
from Kcnh2“~'~ mice, demonstrating that K,11.1 channels are
functional in IHCs (Figures 2D, 2E, S3D, and S3F). To elucidate
whether K,11.1 channels mediate Ixs, we applied E-4031
(20 uM) after the inhibition of I  sand I . Inthese cells, E-4031 in-
hibited ~20% of the remaining currents at O mV (i.e., E-4031-sen-
sitive currents accounted for one-fifth of the total | ¢ ; Figures 2F,
2G, and S3E). The E-4031-sensitive currents had a V,, and slope
factors of activationof —12.8 +1.4mVand 12.5 +0.5mV, respec-
tively (n = 7; Figures 2H and 2l). These data showed that K, 11.1
channels mediate a significant component of | ¢ ¢ in mature IHCs.

K,11.1 and K, 1.8 Channels Mediate the 4-AP-Sensitive
Component of I ¢

Large outward currents remained in mature IHCs even after the
inhibition of 1 « n(K7.4), Ik {BKca), and Ik s(K,11.1), demonstrating
that additional channels contributeto |  s. Inline, Ix s comprises at
least two components, of which only one is inhibited by 4-amino-
pyridine (4-AP) (Marcotti et al., 2003). We thus hypothesized that
the candidate channels K,11.1, K,1.8, and K, 3.3 known to be
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Figure 1. Pharmacological Isolation of k s in Mature IHCs

(A) Representative currents in IHCs before (left) and after (center) application of TEA (5 mM; upper panel) or IbTX (100 nM; lower panel). TEA- and IbTX-sensitive
currents (right) were obtained by current subtraction from recordings shown in (A).

(B) Summary of steady-state currents analyzed from recordings shown in (A).

(C) Inhibition of | ¢ with TEA (6 mM; red) or IbTX (100 nM; black) did not depolarize the IHC resting membrane potential.

(D) Summary of IHC steady-state currents before and after application of XE991 (10 puM).

(E) XEQ91 depolarized the resting membrane potential of untreated IHCs (black) and after application of TEA (5 mM; red).

(F and G) XE991-sensitive currents comprised two components.

(F) Double-Boltzmann fit-to-average XE991-sensitive currents as shown in (G) (solid line represents fit).

(G) XE991-sensitive currents obtained by current subtraction.

(H) Summary of steady-state currents before (black) and after application of TEA (5 mM) with XE991 (10 uM) (blue).

In (A) and (G), voltage protocols and scale bars, as indicated. For absolute steady-state current amplitudes of recordings shown in (B), (D), and (H) see Figures
S1B-S1D. Sample sizes (n) are given in (B)-(F) and (H). Data are presented as means + SEMs.

inhibited by 4-AP (Figure S2) (Dierich et al., 2018; Lang et al., Ix, (Kimitsuki et al., 2010; Marcotti et al., 2003; Oliver et al.,
2000; Tian et al., 2002) mediate the 4-AP-sensitive | x s compo-  2003; Thurm et al., 2005), these currents represented 4-AP-sen-
nent. Extracellular 4-AP (5 mM) rapidly inhibited outwardly recti-  sitive I . 4-AP blocked significantly fewer currents (19% of con-
fying currentsin IHCs that accounted for 26 % of controls (atOmV;  trols; p < 0.05) when applied after pharmacological inhibition of
Figures 3A, 3B, S4A, and S5A). Given the insensitivity of I sand Ik s(K,11.1) (together with |  , and Ik ¢) (Figures 3C-3E and S4B).

Cell Reports 32, 107869, July 7, 2020 3




¢? CellPress Cell Reports

OPEN ACCESS

A B
N D
NN A X

M e

Kenh2 +/+ Kcnh2 HC-/-

1500
500 —
Nested PCR M
1500
500
Cc D E
1.0 +/+ 1.0 HC-/- -55- /4
™ Kenh2 ™ Kenh2 Kenh2
521 0.8— ® untreated (control) 321 0.8- ® untreated (control) Kenh2 S
£ O +E-4031 (20 uM) £ O +E-4031 (20 uM) 60 E
2 £ 06 s
3 5 € .|
o S 0.4+ ~ 65
: g > | P
9 904 A2  _ | g
5 2 70—
g 3 n=10
7 % 0.0t n=8 Tg
L] I L] I L] I L] 1 I 1 I T I T _75 6 I \
-80 -40 0 -80 -40 0 PN
mV mv (,\\@ %
N X
F G g00- H
L ® untreated E-4031-sensitive current
o
+5mM TEA < B + TEA + XE991
30 untreated +10 pM XE991 £ 600 O + E-4031 -
€ s
o E—. i
> —
. ©
[ B 200
|2nA +20 UM E-4031 S % s00pA
100 ms 3 100 ms
a [0} -120
=N R

1.0 E-4031-sensitive current

norm. tail current

Figure 2. K,11.1 Channels Are Functional in Mature IHCs

(A) RT-PCR showed the expression of K,11.1, K, 11.2, and K, 11.3 mRNA in cochlear lysates (M, nucleotide marker with size; K, 7.4 + glyceraldehyde 3-phosphate
dehydrogenase [GAPDH], positive controls; neg., negative control without cDNA). The lower panel shows a second PCR with nested primers for K,11.2 tran-
scripts.

(B) Immunohistochemistry revealed strong anti-K, 11.1 immunosignals in WT IHCs (Kcnh2*/*; left) that were absent in Kenh2HC~/~ mice (right). Maximum intensity
projections of confocal z stacks in apical turns of the organ of Corti (myosinVlla, hair cell marker; all scale bars represent 10 um). For the evaluation of antibodies
and anti-K,11.2/anti-K,11.3 stainings, see Figures S3A and S3B.

(C and D) E-4031 (20 uM) inhibited K* currents in IHCs in (C) Kcnh2*/* (WT), but not (D) Kcnh2"C~/~ mice.

(E) E-4031 (20 uM) did not depolarize the IHC resting potential in Kcnh2°~/~ (red) mice (*p < 0.05).

(F) Representative recordings of an untreated IHC and after application of the indicated substances.

(legend continued on next page)
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These results showed that K,,11.1 channels contribute to the 4-
AP-sensitive component of I s.

4-AP still blocked significant currents even after the inhibition of
K\11.1, demonstrating that other channels must contribute to
4-AP-sensitive Ik s. To identify these channels, we isolated the re-
maining 4-AP-sensitive component by current subtraction early
after application of the substance (Figures 3E and S5A). We found
that these currents activated in a voltage-dependent manner
(Vh: —2.2 £ 0.4 mV; slope: 13.3 + 1.1 mV; n = 8) and did not inac-
tivate (Figures 3E-3H). To evaluate whether these currents were
mediated by K, 1.8, we used RT-PCR and indeed detected K, 1.8
MRNA transcripts in the cochlea (Figure 3l). After cloning cDNA-
encoding K, 1.8 from the same cochlear lysates, we characterized
recombinant K,1.8 channels in Chinese hamster ovary (CHO)
cells. Recombinant K, 1.8 channels did not inactivate, and their
voltage dependence was indistinguishable from the respective
4-AP-sensitive IHC current (Vi;: 0.9 + 0.9 mV; slope: 11.1 =
0.5 mV; n = 31; Figures 3F-3H). Of note, the native IHC currents
activated significantly faster than the recombinant K, 1.8 channels
(see scale bars in Figure 3E), just as the hair cell current recombi-
nant K,1.8 channels were completely inhibited by extracellular
4-AP (5 mM), but were largely insensitive to TEA (5 mM), E-4031
(20 uM), and XE991 (10 uM) (Figures S4C-S4l).

The properties of a second 4-AP-sensitive IHC component were
consistent with recombinant K 1.8 channels. As K,/ 1.8 mRNA tran-
scripts are expressed in mature IHCs (Liu et al., 2014), K,1.8 chan-
nels mediate 4-AP-sensitive Ik s together with K, 11.1.

4-AP Potentiates K' Currents in Mature IHCs

Extracellular 4-AP (5 mM) inhibited certain IHC currents very
rapidly (Figure S5A), but it also induced a significant (and slow) hy-
perpolarisation of the membrane potential (~—7 mV) in the same
IHCs (n = 6; p < 0.001; Figure 4A). After the inhibition of Ik 1, Ik n,
and I s(K,11.1), 4-AP (5 mM) still significantly hyperpolarized the
IHC membrane potential (n=7; p < 0.001; Figure 4B), indicating
that 4-AP activated K™ currents. Whereas 4-AP inhibited IHC cur-
rents within seconds, it significantly potentiated outward currents
at hyperpolarized potentials slowly (e.g., at =60 mV: n=7;p <
0.001; Figures 4C and S5A). These different time courses made
possible pharmacological separation of two current components
with differential 4-AP sensitivity (Figure S5A). Longer 4-AP
(5mM) application induced the activation of the remaining IHC cur-
rents at significantly more negative membrane potentials, as is
evident by a change of V,, by ~—15mV (n=7; p < 0.001; Figures
4D, 4E, and S5B) and by associated changes of the slope factors
(n=7; p < 0.01; Figure 4F).

IHC Currents Share Distinct Pharmacological

Properties with K, 12.1

The 4-AP-activated IHC current showed striking similarities to the
Ik s candidate channel K,12.1: 4-AP potentiated currents through

¢? CellP’ress

recombinant K, 12.1 channels and induced channel activation at
hyperpolarized potentials (Figures S5C-S5K) (Dierich et al.,
2018). We thus probed the expression of K,12.1 subunits in
IHCs. Available antibodies did not detect recombinant K,12.1
channels reliably (Figure S5L), precluding the direct analysis of
channel abundance withimmunohistochemistry. However, we de-
tected mRNA transcripts for K,12.1 and its close relative K, 12.3
with RT-PCR in cochlear lysates (Figure 4G). Considering the
SHIELD datasets (Liu et al., 2014; Shen et al., 2015), we conclude
that K, 12.1 is the exclusive family member expressed in IHCs.

Due to a lack of specific antagonists, we probed K,12.1 activ-
ity in IHCs with NS1643, which inhibits recombinant K ,12.1 (Fig-
ures S5G and S5H; Dierich et al., 2018). As NS1643 is a known
activator of K,11 channels (Casis et al., 2006), we applied
NS1643 after inhibiting K,11.1 with E-4031 (and after inhibition
of Iks and Ik ). Extracellular NS1643 (30 pM) substantially
reduced the remaining lx s (Figures S6A-S6C). However, as
NS1643 (30 uM) also inhibited recombinant K, 1.8 channels (Fig-
ures S4G and S4l), the substance was not suited for demon-
strating the expression of K,12,1 in IHCs unequivocally. It is
noteworthy that NS1643-sensitive currents in IHCs displayed
biphasic activating kinetics: the activation kinetics of the slower
component (e.g., 7(—30 mV): 32 + 0.2 ms, n = 9) were the same
as forthe K, 1.8 currents in IHCs (e.g., 7(—30mV): 33+ 0.4 ms,n=
8), and the kinetics of the faster component were comparable to
the currents remaining after the inhibition of Iy Ixn and
Ik s(Ky11.1, K\ 1.8) (7(—30 mV): ~24 ms). Thus, the kinetics of
the latter component were similar to those potentially mediated
by K,12.1. These data indicated that two current components
in IHCs were sensitive to NS1643 in IHCs that were potentially
mediated by K, 1.8 and K,12.1 channels.

Voltage-Dependent Mode Shift of Activation in Mature
IHCs

We then probed K,12.1 currents in IHCs by means of the mode
shift of activation (Villalba-Galea, 2017); this manifests through
a shift of activating voltages to hyperpolarized potentials
following conditioning depolarization of the membrane ( Dai
and Zagotta, 2017; Dierich et al., 2018; Dierich and Leitner,
2018; Li et al., 2015). Voltage protocols were designed to maxi-
mize mode shift as determined for recombinant K,12.1 (Dierich
et al.,, 2018, 2019b) and consisted of a 200-ms conditioning
pre-pulse (hyperpolarized: —60 mV; depolarized: 0 mV), fol-
lowed by 600-ms voltage steps for channel activation (Fig-
ure 5A). The depolarized conditioning potential (0 mV) induced
a large shift in the voltage dependence of recombinant K, 12.1
channels by ~—50 mV (Figures 5A-5C; n = 10; p < 0.001; Di-
erich et al., 2018). To examine whether the currents in IHCs
also exhibited mode shift, we applied the same voltage proto-
cols after the pharmacological inhibition of lxy Ik, and
Ik s(Ky1.8 + K,11.1). The remaining currents exhibited a

(G) Summarized steady-state currents from recordings shown in (F).
(H and ) Voltage dependence of E-4031-sensitive currents in IHCs.
(
(

H) Representative E-4031-sensitive currents; obtained by current subtraction from recordings shown in (F).
) Summarized Boltzmann fits (solid line) to averaged recordings, as shown in (H).

In (F) and (H), voltage protocols and scale bars, as indicated. For absolute steady-state current amplitudes of recordings shown in (C), (D), and (G), see Figures
S3C-S3F. Sample sizes (n) are given in (C(E), (G), and (l). Data are presented as means + SEMs.
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Figure 3. K,1.8 Channels Mediate a 4-AP-Sensitive Current Component in IHCs
(A) Representative recordings of an IHC before (eft) and after (center) application of 4-AP (5 mM). 4-AP-sensitive currents (right) were obtained by current

subtraction.
(B) Averaged steady-state currents analyzed from recordings, as shown in (A).
(C-H) 4-AP-sensitive currents after the inhibition of K,11.1 channels in IHCs.

(C) Representative recordings of an IHC under control conditions (untreated; left) and after application of the indicated substances.

(
(

activation kinetics.

D) Summary of recordings as shown in (C). For absolute steady-state current amplitudes of recordings shown in (B) and (D), see Figures S4A and S4B.
E) Representative 4-AP-sensitive IHC currents (red) derived from recordings shown in (C) and through recombinant K, 1.8 channels (black). Note the different

(F) Voltage dependence of the 4-AP-sensitive IHC currents (red) and recombinant K 1.8 channels (black). The solid lines represent Boltzmann fits to averaged

data from recordings as shown in (C) and (E).

(G) Mean V4, (left) and slope factor (right) of activation for recombinant K, 1.8 channels and 4-AP-sensitive currents in IHCs derived from analysis shown in (F).
(H) Expression of K,1.8 mRNA transcripts in cochlear lysates. All voltage protocols and scale bars are as indicated.
For pharmacological characterization of recombinant K, 1.8 channels, see Figures S4 C-S4l; for time course of 4-AP effects in IHCs, see Figure S5A. Sample sizes

(n) are given in B), (D), and (F)—(H). Data are presented as means + SEMs.

significant mode shift, as is evident by an —20-mV shift of the
activation voltages after the depolarized conditioning potential
(n =5; p < 0.01; Figures 5D and 5E).

IHC currents share striking properties with recombinant
Ky12.1 channels (4-AP/NS1643 sensitivity; mode shift). Mode
shift of the native currents was attenuated compared to recom-
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binant K,12.1 channels, which is consistent with the reduced
mode shift of recombinant K,12.1 channels after potentiation
through 4-AP (Dierich et al., 2018) also present in the IHC
recording solution. Based on these unique characteristics and
expression of mMRNA transcripts in IHCs, we conclude that
K,12.1 channels are functional in IHCs.
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Figure 4. 4-AP Potentiates K* Currents at Negative Membrane Potentials in IHCs

(A and B) Application of 4-AP (5 mM) induced a hyperpolarization of the membrane potential (A) in control IHC and (B) in IHCs treated with TEA, XE991, and E-4031.
(C) Representative recordings of IHC currents elicited with the indicated voltage steps before and after 1 min of extracellular 4-AP (after TEA, XE991, and E-4031).
4-AP inhibited currents at +30 mV (indicated by asterisk), but potentiated currents at —60 mV (indicated by open circle). For the time course of 4-AP effects, see

Figure S5A.

(D-F) 4-AP induced a hyperpolarizing shift in the voltage dependence of currents (after TEA, XE991, and E-4031).
(D) Boltzmann fits to averaged recordings before (black) and after (red) application of 4-AP in IHCs.
(E and F) Mean V4, (E) and slope factors (F) of activation derived from analysis shown in (D). For absolute current amplitudes of recordings shown in (D), see

Figure S5B.

(G) RT-PCR detected mRNA for K,12.1, K, 12.2, and K, 12.3 channels in cochlear lysates (M, nucleotide marker with size; positive controls: K, 7.4 and GAPDH). **p

< 0.01; *p < 0.001.

Concentrations of applied substances: 4-AP (5 mM), TEA (6 mM), XE991 (10 uM), and E-4031 (20 uM). Sample sizes (n) are given in (A-(F). Data are presented as

means + SEMs.

Mature IHCs Express Six Independent K* Currents
Mature apical IHCs of mice express at least five K" channel pop-
ulations giving rise to six different K* currents (Figures S6D and
S6E). Ik {(BKca) and K, 7.4 currents together account for ~49%
(ks 34%; K,7.4: 15%) of controls at 0 mV. K,7.4 subunits
mediate two components: small negatively activating currents
resemble I , found in IHCs earlier (Marcotti et al., 2003; Oliver
et al., 2003), and a larger fraction activates at more positive po-
tentials resembling the currents described in apical IHCs of the
gerbil (Johnson, 2015). Ik s accounts for ~51% of control cur-
rents (at 0 mV) and is mediated by K,1.8, K,11.1, and K,12.1.
At0mV, K,1.8 accounts for ~19% and K, 11.1 for ~10% of con-
trol currents. The component remaining after the inhibition of
Ik {BKca), Ki7.4, K,1.8, and K,11.1 is probably mediated by
Ky12.1 channels and accounts for ~22% of controls (at 0 mV).

Assessing the Functional Relevance of the IHC K*
Currents

To elucidate the physiological relevance of the IHC K™ currents,
we refined a recently published computational model of apical

IHCs (Altoe et al., 2018) by implementing all six K* conductances
(native model; Figures 6A and S7A) (for the properties of | ¢ 5, see
Kros and Crawford, 1990; the properties of Ik s and of Ik , over
the whole voltage range were implemented into the model, as re-

corded in our study). The model input is sinusoidal stereocilia
deflection controlling the activity of the MET channels ( Figures
6A and S7B) (Altoe et al., 2018). The model outputs are IHC K*
currents and conductances (Figure 6) and membrane (receptor)
potentials (Figures 7, S7C, and S7D). We extrapolated from the
recordings the individual activation time constants close to the

resting membrane potential and included them in the model (Fig-
ure S7A; for calculation see Method Details). The kinetics of
K\ 1.8, Ky11.1, and K,12.1 currents and positively activating
K. 7.4 are significantly slower than those of | ¢ (Figure S7A).
Furthermore, due to full activation, |k, provides a constant K*
conductance at rest in the simulations. Hence, following the es-

tablished nomenclature of basolateral K* conductances in IHCs
(Marcotti et al., 2003), we discriminate between Ik ¢ and I , and
assign currents through K,1.8, K,11.1, K,12.1, and K,7.4 (posi-
tive fraction) to Ik ¢ (Figure GA).
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The native IHC model (all K" conductances) predicts a resting
potential of —53 mV and a membrane resistance-capacitance
(RC) time constant (r,,) of 0.24 ms, in good agreement with pub-
lished recordings (Johnson, 2015; Johnson et al., 2011). This
model further shows that all K* channels are active at rest and
during (sound) stimulation (Figures 6 B—6F). Whole-cell currents
(and conductances) at rest are dominated by Ik s (followed by
the sum of | components; Figures 6C and 6D), and Ix, is
only small in apical IHCs (Figures 1F and 1G; Johnson, 2015;
Marcotti et al., 2003; Oliver et al., 2003). At rest, of the Ik s com-
ponents, K,1.8 and K,7.4 provide the most conductance fol-
lowed by K,11.1 channels, whereas the contribution of K,12.1
is only small (K,1.8 > K,7.4 > K,11.1 > K,12.1; Figures 6B and
6E). Furthermore, the channels differentially activate during
membrane potential depolarization (i.e., sound stimulation; Fig-
ures 6B, 6C, and 6F).

The Six K* Conductances Optimize IHC Responses to
Encode Complex Sound

To assess physiological relevance of the K* channels, we
compared the “native model” (see above) with other simulations.
In the “voltage-independent (conductances)” model, all of the K *
currents were made voltage insensitive by imposing constant
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A Figure 5. Voltage-Dependent Mode Shift of
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resting conductance. In others, only individual channels (or
channel combinations) were implemented as voltage dependent
(indicated in Figure 7), allowing for analysis of the relevance of
the respective components. This in silico approach allows the
evaluation of the physiological relevance of the K * conductances
(Altoe et al., 2018) without affecting the IHC resting properties
(resting potential, RC time constant). For comprehensive visual-
ization, some panels of Figure 7 show I ¢ as a single component,
although the underlying channels were modeled independently
in all of the simulations.

First, we found that in the native IHC model the simulated re-
ceptor potentials as reported ( Johnson, 2015) show character-
istic onset and offset relaxations (e.g., depolarization and hyper-
polarization sags) and are characterized by distinct AC and DC
components (Figure 7A). Due to the slow activation kinetics,
the I s components (K,1.8, K,7.4, K,11.1, and K,12.1) largely
determine these onset and offset responses.

Second, we analyzed the AC component of the IHC receptor
potential (Figure 7A, insert) by simulating the amplitudes of the
oscillating receptor potentials as a function of stimulus fre-
quency. These data are normalized to maximal receptor poten-
tial amplitudes at low frequencies to visualize membrane low-
pass filtering (Figures 7B and 7C). The simulations show that
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Figure 6. All K" Current Entities Are Active at Rest and during Sound Stimulation

(A) Extended computational model of IHCs implementing all K* currents.

(B and C) At rest and during sound stimulation, all identified K currents are active (B) and whole-cell currents are dominated by I {BK,) (C) (4-kHz and 40-nm
hair bundle deflections, gray inset). (B2) shows currents from (B1) on an expanded timescale.

(D-F) Simulated conductance-voltage curves for IHC K* currents. (D) At rest (dashed line; \,)), the whole-cell conductance is dominated by |« ¢ (followed by the
sum of the Ix s components), and (E) all channels mediating Ik s are active (K,1.8, K,7.4, and K,11.1 provide the largest conductance). (F) shows the fractional

(normalized) voltage-dependent activation of Ix s components. For simulated conductance-stereocilia vibration (i.e.

the native K* channel repertoire dramatically increases the upper
cutoff frequency of the AC response. The cutoff frequency of the
IHC membrane is approximately one octave higher in the native
model (black) than in the voltage-independent model (gray; Fig-
ure 7B). More importantly, an increase in the cutoff frequency
may be achieved by the expression of either Iy ¢ (blue) or Ik s
(red) (Figure 7B). Concerning the I s components, the improve-
ment in AC responses is mainly mediated by the voltage-depen-
dent activity of K,1.8 or K,7.4, with smaller contributions of
Ky11.1 and K,12.1 (Figure 7C). Voltage-dependent activation of
the channels mediating | ¢ s produces an effective increase in ba-
solateral conductance over stimulus presentation, hence leading
to a significant decrease in the effective membrane time con-
stant. Fast voltage-dependent activation of | ks produces
“phase-locked” fluctuation of the IHC conductance, thus
increasing the membrane cutoff frequency beyond that pre-
dicted by the effective membrane time constant (see also Altoe
et al., 2018). The increase in the cutoff frequency is always
most pronounced in the native model.

We then analyzed the relevance of the K* channels for the DC
response of IHCs and plotted the DC component of receptor po-

, intensity) curves, seeFigure 7F.

tentials in the different models as a function of the amplitude of

stereocilia vibrations (i.e., stimulus intensity; Figures 7D and
7E). This showed that the exclusive presence of all of the I s
components (red) dramatically compresses the DC potential
(Figure 7D). Ik ¢ (blue) alone also considerably compresses the
DC component of the receptor potentials, but sole inclusion of

Ik n(Ky7.4) does not affect the DC response (Figure 7 D). The com-
bination of all of the currents causes an even stronger compres-
sion of the DC component, leading to a dramatic reduction in the
steepest slope of the curve from 0.21 mV/nm without voltage-
activated channels (gray) to 0.08 mV/nm in the native model
(black) (slope with all I s = 0.09 mV/nm, red; slope with Ik =
0.16 mV/nm, blue) (Figure 7D). This curve slope difference high-
lights that in native IHCs, the largest range of stereocilia vibration

amplitudes (greater than a factor of 2) can be encoded within the

same receptor potential range. Assuming that mechanical re-
sponses of the cochlea increase by ~0.3 dB for a 1-dB sound
level increase (compressive growth of mechanical responses
at a rate of 0.3 dB/dB sound level; Robles and Ruggero, 2001),
a factor 2 of deflection amplitudes corresponds to 20 dB for
sound pressure levels. Our simulations hence point out that the
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native K* conductance repertoire extends by ~20 dB the range
of sound levels that an individual IHC can encode within the
same range of receptor potentials. This significant effect of the
K* currents on the dynamic range is dominated by the activation
of the channels mediating I ¢ ¢ (Figure 7D), with most substantial
contribution from either K, 7.4, K, 1.8, or K,11.1 (Figure 7E). More
important, due to their heterogenous voltage dependence, these
channels activate and saturate at different membrane potentials,
with K, 1.8 providing the most conductance at the resting mem-
brane potential, followed by K,7.4, K,11.1, and K,12.1 (Fig-
ure 6E). Accordingly, they activate and saturate at different levels
of stereocilia vibrations (i.e., depolarization) and thus stimulus
level (Figure 7F). The individual components of |« s compress
the IHC DC response over an individually exclusive range of ster-
eocilia displacements (Figure 7E). The individual activation
curves of the channels sum up to an overall conductance (Fig-
ure 7F, red) that increases over a wide range of stereocilia vibra-
tion amplitudes (red; Figures 6E, 6F, and 7E); in other words, the
combination of all “slow” components allows for sensitive
conductance changes with stereocilia deflection over a far larger
range of intensities. This overall | x s conductance does not satu-
rate completely for stereocilia vibrations up to 1 um (Figure 7F),
which enables compressive growth of the DC potential over a
larger range of stimulus intensities in IHCs expressing all Ik s
channel components (Figures 7D and 7E).

We further plotted simulated AC:DC ratios as a function of
stimulus frequency (Figure 7G), which are a metric tailored for
continuous signals conceptually equivalent to vector strength
(or synchronization index) used to characterize phase locking
in spiking neurons (Palmer and Russell, 1986). Thus, higher
AC:DC ratios indicate more efficient phase locking. Compared
to the voltage-independent conductances model, the frequency
limit for phase locking increases dramatically with active I ¢ or
Ik s (Figure 7G). The native combination increases AC:DC ratios
at all frequencies and intensities more significantly than the indi-
vidual contributions. This improvement in AC:DC ratios is
achieved mainly by the pronounced compression of the DC
component through the channels mediating |k (Figures 7D
and 7E) and, to a lesser extent, by the increase of the cutoff fre-
quency associated with the IHC low-pass filtering (Figures 7B
and 7C). In particular, the compression of the DC potential
through the slow currents accounts for the significant increase
in AC:DC ratios at low frequencies (Figure 7G).

The Ik n-to-Ik s Relation Largely Determines the
Tonotopic Response Properties of IHCs

In the models, Ik, as the exclusive K, current does not signifi-
cantly alter AC and DC responses of IHCs compared to the
voltage-independent conductance model (Figures 7B, 7D, and
7G). This is caused by the fact that that due to complete activation
atrest, I , can be considered a voltage-independent K* conduc-
tance. However, we wondered about the physiological relevance
of Ix n in IHCs. Recently, it was shown in the gerbil that | ¢ , ampli-
tudes were large in basal IHCs, whereas, in line with our results,
apical IHCs express larger K, 7-type currents activating at more
positive potentials (Figures 1F and 1G; Johnson, 2015). Apical
and basal IHCs are specialized for the precise encoding of sound
frequency and intensity, respectively (Johnson, 2015). We thus
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hypothesized that the Ik -to-lk s relation determines the tono-
topic response characteristics of IHCs. We compared two
models (implementing I+ and Ixs), in which the entire K,7.4-
mediated conductance was assigned eitherto |  ,, (extreme basal
IHC) or to the K,7.4-like fraction (extreme apical IHC), thereby
varying the relative contribution of |« ,, to the whole-cell conduc-
tance. Inthese simulations, apical IHCs exhibit more depolarized
resting membrane potentials than basal IHCs in full agreement
with recordings (Johnson, 2015). However, in contrast to the re-
cordings (Johnson, 2015), modeled apical IHCs display a slower
membrane time constant, as the depolarization of the membrane
potential is caused by a decrease in the total K * conductance at
rest (i.e., increased membrane resistance). This automatically in-
creases the membrane time constant and highlights the impor-
tance of tonotopically graded activity of the MET channels for
intrinsic tuning of the time constants in living IHCs (Johnson,
2015). Of note, graded MET channel activity was not included
in the model, as this hampers analysis of the relevance of baso-
lateral K™ channels. Furthermore, we found that apical IHCs
exhibit more pronounced compression of DC responses, as the
depolarized resting potential renders the K* channels more sen-
sitive to voltage changes (i.e., the channels retain an effectively
larger activation range over stimulus presentation). This results
in strikingly higher AC:DC ratios (especially at low frequencies)
for apical than for basal IHCs (Figure 7H). Accordingly, this apical
IHC model shows a more compressed DC response and more
precise phase locking than the basal, just as shown for living
IHCs (Johnson, 2015). Accordingly, these simulations suggest
that the relative contribution of |  ,, to the whole-cell conductance
(i.e., lknlks ratio) largely determines the tonotopic response
characteristics of IHCs.

Physiological Advantages of the Native K* Current
Repertoire

Our simulations showed that the native channel repertoire clearly
optimizes IHC receptor potentials to encode complex sound.
However, we wondered whether a similarimprovement in recep-
tor potentials may also be achieved through the expression of
fewer K,, populations. We therefore performed additional simula-
tions in which the entire conductance size provided by the native
K, ensemble (Figures 6D and 6E: Ik s + Ik ) is assigned to either
of the channels mediating | ks or Ik n(K,7.4) exclusively: These
simulations considered only Ik and one K, isoform and thus
only two K* current entities. As quality measures, IHC phase
locking (i.e., AC:DC ratios versus frequency or intensity; Figures
71 and 7J) and characteristics of receptor potential DC compo-
nents (compression, dynamic range, sensitivity) were assessed.
These simulations show that assigning all of the K,, conductance
to Ik n(K\7.4), Ik s(K,11.1), or Ik s(K,12.1) substantially reduces the
efficacy of phase locking (i.e., frequency coding) compared to
native IHCs (Figures 71 and 7J). Whereas sensitivity is not altered
for Ik n(K\7.4) or I s(K,11.1), assigning all of the K, conductance
to Ik s(Ky12.1) renders IHC receptor potentials more sensitive to
low sound intensities by 5.5 dB (of stereocilia vibration) as
compared to native IHCs (Figures 7K, S7C and S7D). Thus, ex-
pressing K,12.1 as the only K, subunit optimizes receptor poten-
tials to detect faint sounds, but deteriorates phase locking.
Conversely, assigning all of the K, conductance to either
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Figure 7. Six K* Current Entities Optimize IHC Receptor Potentials to Encode Complex Sound

(A) Simulated IHC receptor potentials during stereocilia deflections exhibit sustained DC and oscillating AC potentials (stereocilia vibration 40 nm at 4 kHz; gray inset).
(B-G) Comparison of different IHC models that consider only voltage-dependent activation of the conductances highlighted in the graph (all others are voltage
insensitive; see text and Method Details for description). Differences represent the contributions of the individual components.

(B and C) Amplitude of the oscillating AC component as a function of stimulus frequency (normalized to maximum values at low frequencies) in the different models.
(C1) Simulated AC responses for frequencies between 100 and 10 kHz. (C2) highlights a smaller frequency sector (close to 2 kHz) of simulations shown in (C1).
(D and E) Simulated DC response in IHCs presented as a function of stereocilia deflection amplitude (stimulation at 1 kHz).

(F) Channel conductances as function of stereocilia vibration amplitude: IHC K* channels activate at different levels of vibrations, and their maximal conductances
saturate at different sound intensities.

(G) AC:DC ratios (versus frequency) as measure of phase-locking efficiency (60 nm stereocilia deflection, 300 ms) in different models.

(H) AC:DC ratios in two models in which all of the K, 7.4-mediated conductance is either assigned to k  (extreme basal model) or to the current fraction that
activated at more positive membrane potentials (extreme apical model). All of the other conductances were implemented with their native properties.

(-K) Simulations in which all of the native K, conductance (I s and Ik ) is assigned only to the one K, subunit indicated in the panels.

( and J) AC:DC ratios as function of (I) frequency or (J) stereocilia vibration amplitude.

(K) DC response as function of stereocilia vibration amplitude (stimulation at 1 kHz; see also Figure S7C for a logarithmic presentation of the same data). See text
for details.
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Ik s(Ky7.4) or Ik s(K\1.8) improves the phase locking of IHC poten-
tials but reduces the sensitivity at low sound intensity by ~3 dB
(Figures 7K, S7C, and S7D). Thus, scaling-up Ik s(K,7.4) or
Ik s(Ky1.8) currents improves temporal precision at the expense
of sensitivity. These simulations show that the combined activity
of all of the K, channels is beneficial for IHCs to fine-tune the
membrane electrical properties in terms of sensitivity to low-level
sounds, temporal precision, and dynamic range.

DISCUSSION

K,1.8, K,11.1, and K,12.1 Contribute to I s in IHCs

Our study was motivated by a single-cell transcriptome analysis
of mature IHCs (Liu et al., 2014; Shen et al., 2015). Taking the
K,7.4 expression as the threshold, K,1.8, K,3.3, K,11.1, and
Ky12.1 were the only K, subunits in IHCs. Experiments with a
specific K,11 antagonist and in mice with hair cell-specific
Kcnh2 deletion (Gutman et al., 2005; Ishii et al., 2003) demon-
strated the functional expression of K,11.1 in IHCs, and 4-AP in-
hibited a current with properties consistent with recombinant
K,1.8. As no other K,1 and K,11 subunits are expressed in
IHCs, this demonstrated the expression of K,1.8 and K,11.1.
Recent studies indicated the expression of K,1.8 and K,11.1
protein in hair cells (Lee et al.,, 2013; Nie et al., 2005), and
Kcna10 (encoding K,1.8) knockout mice displayed mild auditory
deficits (Lee et al., 2013).

Due to the lack of specific tools, the identification of native
Ky12.1 currents depends on unique channel properties. Simi-
larly, closely related K, 10 and K, 11 were functionally identified
in tissues by exploiting their distinct characteristics (see, for
example, Hardman and Forsythe, 2009; Hirdes et al., 2005,
2009; Meyer and Heinemann, 1998). Recently, we identified 4-
AP (a known K* channel inhibitor) as a potent activator (Dierich
et al., 2018) and NS1643 (a K,11 agonist) as an inhibitor of
K,12.1 (Casis et al., 2006; Dierich et al., 2018; Hansen et al.,
2006). K,12.1 channels exhibit a mode shift of activation that
manifests as a shift of activation to hyperpolarized potentials af-
ter membrane depolarization (Dai and Zagotta, 2017 ; Dierich
et al., 2018; Dierich and Leitner, 2018; Li et al., 2015). Here, we
identified IHC K* currents that reproduce the exclusive combina-
tion of these distinct K,12.1 characteristics, providing very
strong evidence for the abundance of K,12.1. With the same
strategy, we recently identified K, 12.1 activity in cells heterolo-
gously expressing K, combinations, including K,11.1 and K,7
(Dierich et al., 2018). Hence, K, 1.8, K,11.1, and K,12.1 channels
are functional in IHCs and collectively mediate the IHC current
Ik s (Kros and Crawford, 1990; Marcotti et al., 2003). This is sup-
ported by their pharmacological characteristics completely re-
producing these of I s (Marcotti et al., 2003).

Are K, 3.3 Channels Expressed in IHCs?

Although it was suggested by our database screen, we did not
find any evidence for K3 currents in IHCs: (1) we did not detect
currents with fast voltage-dependent inactivation, a hallmark of
K,3.3 (Fernandez et al.,, 2003; Vega-Saenz de Miera et al.,
1992; Zhang et al., 2016); (2) K,3.3 channels are highly TEA sen-
sitive (Fernandez et al., 2003; Vega-Saenz de Miera et al., 1992),
but TEA and BKc, inhibitor IbTX blocked exactly the same IHC
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currents; and (3) K,3.3 channels are sensitive to 4-AP, but 4-
AP-sensitive IHC currents were TEA insensitive and activated
more negatively than K,3.3 (Vega-Saenz de Miera et al., 1992;
Zhang et al., 2016). We thus consider the expression of K,3.3
channels in IHCs unlikely.

K,7.4 Mediates Two Components in IHCs

K.7.4 subunits mediate the current lx , in both hair cell types,
which is small in IHCs but predominant in OHCs (Housley and
Ashmore, 1992; Kharkovets et al., 2006; Leitner et al., 2011;
Marcotti and Kros, 1999; Oliver et al., 2003). However, recombi-
nant K, 7.4 channels activate at 60 mV more positive potentials
(Vi ~—20 mV) than I » (V, ~—80 mV) (Kubisch et al., 1999; Leit-
neretal., 2011, 2012), suggesting that unknown hair cell-specific
interaction partners determine the properties of K, 7.4 in these
cells. In mature IHCs of mice, K,7.4 channels mediate a small
Ik n-like and a larger K,7.4-like component (Kubisch et al.,
1999; Leitneretal., 2011, 2012). As amplitudes of these two frac-
tions vary reciprocally along the cochlear axis (e.g., in the gerbil;

Johnson, 2015), this hair cell-specific modulation could be regu-
lated tonotopically. As the proportion of |  , to the whole-cell
conductance determines the tonotopic differences in receptor
potentials, this may constitute a physiological adaptation of
IHCs to encode complex sound.

The K* Channel Repertoire Optimizes the Encoding of
Complex Sound

Exquisite sensitivity, dynamic range, and temporal precision of
hearing impose certain IHC specifications; detection of faint
sounds requires sensitivity to small stereocilia vibrations,
whereas encoding of a large range of sound intensities necessi-
tates low sensitivity at high levels. Especially at low frequencies
(<2 kHz), temporal precision needs to be high to encode tempo-
ral sound information in the auditory nerve precisely. These con-
trasting demands require the nonlinear regulation of IHC sensi-
tivity. This level-dependent sensitivity of IHCs is greatly
determined by asymmetric Boltzmann-type nonlinearity of MET
channel activation (Cheatham and Dallos, 2000). However, if
this was the exclusive mechanism, temporal precision would
rapidly degrade with increasing sound levels due to the faster
growth of DC components compared to AC components (see,
for example, Shamma et al., 1986). We found that the K* channel
repertoire plays a fundamental role in regulating the nonlinear
sensitivity of IHCs and in improving temporal precision. As dis-
cussed earlier (Altoe et al., 2018), we found that nonlinear activa-
tion of the K, and BK¢, channels produces a nonlinear increase
in outward membrane conductance over continuous stimulus
presentation, simultaneously reducing effective membrane
time constant and electrical excitability. Thus, IHC K * currents
act as compressive nonlinearity for receptor potentials and
significantly increase the dynamic range of sound levels that a
single IHC and consequently nerve fibers can encode (Altoe
et al., 2018; Kros and Crawford, 1990; Lopez-Poveda and Eusta-
quio-Martin, 2006). The slow kinetics of the K, channels prevent
that their conductance fluctuates at stimulus frequency, thereby
producing a larger compression of the DC than of the AC compo-
nent of receptor potentials. This increases temporal precision at
all frequencies and opposes the degradation of AC:DC ratios
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with increasing stimulus levels. In contrast, fast BKc, channels
allow for phase-locked fluctuations of the membrane conduc-
tance, which substantially increases the membrane cutoff fre-
quency, rendering membrane potential oscillations effectively
faster than those determined by the effective RC time constant
(Figure 7B; Altoe et al., 2018). The combined activity of BKc,
and K, channels synergistically optimizes AC and DC responses
more significantly than predicted from individual contributions.
We conclude that the expression of K,, channels constitutes an
important evolutionary adaptation to improve the dynamic range
and temporal precision of IHC responses.

Expression of Various K* Channels Is an Evolutionary
Advantage
Our models show why the expression of various K™ channels is ad-
vantageous to IHCs: (1) Combined activity of the K™ channels
leads to more pronounced improvement in the dynamic range
and phase locking than expected from individual contributions.
This is an advantage of multi-component systems. (2) Activation
of the K, channels (with limited individual sensitivity) sums up
into a high-order Boltzmann nonlinearity, with steep sensitivity
near rest that does not saturate over the entire range of physiolog-
ical potentials. (3) As suggested earlier (Johnson, 2015), the I n:lk s
ratio essentially determines and optimizes tonotopic responses,
which is clearly beneficial for sound encoding. (4) Expression of
the channel repertoire optimizes receptor potentials to encode
multiple modalities of complex sound, as each conductance con-
tributes to the improvement of a different aspect. They individually
optimize frequency responses (ks and Ixs(K,1.8, K,7.4)) or
improve phase locking (k n-to-lk s relation). At the same time,
Ik s(Ky1.8, K,7.4, K,11.1) dramatically increases the range of
sound levels that can be encoded. Supporting this, a study in ger-
bils showed that receptor potentials in apical IHCs with relatively
large Ik sand Ik s more precisely follow sound frequency (Johnson,
2015). Our data demonstrate that the expression of multiple K*
channel entities provides clear functional advantages for IHCs.
Could comparably precise encoding of complex sound be
achieved by expressing fewer K* channel entities? We ad-
dressed this in silico in cells in which all of the native K,, conduc-
tance was assigned to a single K, entity. These simulations re-
vealed that the native channel repertoire allows for an effective
trade-off between the requirements of (1) high IHC sensitivity
at low stimulus levels, (2) dynamic range compression, and (3)
high temporal precision. Assigning all K, conductance to individ-
ual K, subunits either deteriorates the encoding of sound fre-
quency and intensity or improves the encoding of one sound
quality at the expense of another. Thus, expressing the native
channel repertoire and the observed separation of physiological
functions of the components constitutes an evolutionary adapta-
tion to encode complex sound through multifaceted receptor
potentials. “Simpler” IHCs may be limited to encoding only
certain aspects (frequency or intensity) of sound.

Physiological Roles of K,1.8, K,11.1, and K, 12.1

We provided evidence for the relevance of K,12.1 and K,1.8
channels, as well as for homomeric K, 11.1 channels that have
been shown mainly in cardiac muscle. We found that K, 12.1 cur-
rents in IHCs exhibited a significant mode shift, but our results
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cannot provide evidence for the relevance of this phenomenon
for sound encoding. It is tempting to speculate that biophysical
properties of IHCs may be adjusted to continuous sound stimu-
lation or pathological depolarization through such a mode shift,

adding supplementary specialization to intrinsic IHC membrane
tuning. However, further work is needed to unravel whether
mode shift can be important for sound processing in hair cells.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-K,11.1
Rabbit polyclonal anti-K,11.2
Rabbit polyclonal anti-K,11.3
Rabbit polyclonal anti-K,12.1
Mouse monoclonal anti-MyosinVlla

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Alomone Labs

Alomone Labs

Enzo Life Sciences
Alomone Labs

Santa Cruz Biotechnology
Thermo Fischer

Cat #: APC-016

Cat #: APC-114

Cat #: ALX-215-053-R100
Cat #: APC-113

Cat #: sc-74516

Cat #: A11008

Goat anti-Mouse 19G (H+L) Cross-Adsorbed Thermo Fischer Cat #: A21050
Secondary Antibody, Alexa Fluor 633

Chemicals, Peptides, and Recombinant Proteins

Tetraethylammonium chloride Tocris Cat #: 3068
Iberiotoxin Tocris Cat #: 1086
XE991 dihydrochloride Tocris Cat #: 2000
E-4031 dihydrochloride Tocris Cat #: 1808
4-AP Tocris Cat #: 0940
NS1643 Tocris Cat #: 3062
Experimental Models: Cell Lines

Chinese hamster ovary (CHO) dhFR™ cells ATCC CRL-9096

Experimental Models: Organisms/Strains

C57BL/6NCrl mice
C57BI6/NJ mice

Charles River

The Jackson Laboratory

Strain Code 027
Stock No: 005304

Kcnh2'tm1aEUCOMMWST K first allele ES cells European Conditional Mouse MGI ID
Mutagenesis Program (EUCOMM) MGI:1341722
Prestin-Cre (BAC transgenic) mice Tian et al., 2004 N/A
Oligonucleotides
Primers for RT-PCR, see Table S1 (last This Paper N/A
page of supplementary pdf)
Recombinant DNA
K,1.8-pRFP-N1 This paper Uniprot: B2RQA1
Ky11.1a-pcDNAS.1 Dr. CK Bauer Uniprot: 008962
Ky11.2-pcDNAS.1 Dr. CK Bauer Uniprot: 054853
K,11.3-pcDNAS3.1 Dr. CK Bauer Uniprot: 054852
K,12.1-pcDNA3.1-IRESeGFP Dr. T Jegla Uniprot: Q96L42
Lyn11-GFP-pcDNAS.1 Dr. D. Oliver Uniprot: P07948
Software and Algorithms
PatchMaster (HEKA) HEKA Elektronik https://www.heka.com/downloads/
IgorPro Wavemetrics https://www.wavemetrics.com/downloads/
current
Other
Inner hair cell biophysical model codes This Paper https://www.mechanicsofhearing.org/apg/
DAPI Sigma-Aldrich Cat #: D9542
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael
G. Leitner (Michael.Leitner@i-med.ac.at).

Materials Availability
Plasmids encoding cloned K, 1.8 channel subunits will be provided upon request by the Lead contact, Michael G. Leitner (Michael.
Leitner@i-med.ac.at).

Data and Code Availability
The code generated during this study is available at: https://www.mechanicsofhearing.org/apg/

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal handling and animal experimentation

Mice were kept and treated according to German law and institutional guidelines at Philipps-University Marburg (Germany). All
procedures complied to 3R principles and were approved by research ethics committee (Tierschutzkommission) at
Regierungsprasidium GieBen (Germany).

Mouse lines analyzed in this study
This study was performed on wild-type C57BL/6 mice and on mice with hair cell-specific deletion of the Kcnh2 gene (see below) of
either sex between 18 and 23 days after birth.

Hair cell-specific Kcnh2 (K,11.1) knock-out mice

Kcnh2tm13EUCOMMWIS 4 first allele (reporter-tagged insertion with conditional potential) embryonic stem (ES) cells were obtained
from the European Conditional Mouse Mutagenesis Program (EUCOMM) ( Dickinson et al., 2016; Skarnes et al., 2011) and were in-
jected into C57BL/6NCIr 8-cell embryos (Poueymirou et al., 2007). The resulting chimeras were mated to C57BL/6NCIr mice, and
progeny were screened to confirm germline transmission. Following the establishment of germline transmitting progeny, heterozy-
gotes were crossed with C57BL/6NClIr wild-type (WT) mice to produce a heterozygous mouse population. Mice heterozygous for the
desired insert were then mated with Flp-O(N) deleter mice for removal of the neomycin-reporter cassette (Kranz et al., 2010), and
resulting heterozygous mice were intercrossed to produce mice with homozygous insertion of two loxP sites in the Kcnh2 gene
(Kcnh2'°xP/oxP)  Kcnh2'©%P /%P mice were crossed with Prestin-Cre (BAC transgenic) mice (Cox et al., 2012; Tian et al., 2004) to obtain
mice carrying loxP insertions together with Prestin-Cre (BAC transgenic). These mice were then crossed with Kcnh2'°*P/°*P mice
to obtain Kcnh2'°*P/°* mice with Prestin-Cre (BAC transgenic) that were then used for the experiments. These hair-cell specific
knock-out mice are denoted as Kcnh2"C~/~ to differentiate from WT (Kcnh2*/*) mice.

Cell line

Chinese hamster ovary (CHO) dhFR" cells (ATCC: CRL-9096) were utilized for transient overexpression of proteins (see below).
Chinese hamster ovary (CHO) dhFR™ cells were maintained as previously reported (Leitner et al., 2016). In brief, cells were kept in
MEM Alpha Medium supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin (pen/strep) (Invitrogen GmbH,
Darmstadt, Germany) in a humidified atmosphere at 5% CO, and 37°C

METHOD DETAILS

Transient transfection

CHO cells were transiently transfected with jetPEI transfection reagent (Polyplus Transfection, llikirch, France). All experiments were
performed 48 h after transfection at room temperature (22°C-25°C). The expression vectors used were: K,11.1a-pcDNA3.1 (rat
Kcnh2; isoform 1a; Uniprot: 008962), K,11.2-pcDNAS.1 (rat Kcnh6; 054853), K, 11.3-pcDNA3.1 (rat Kcnh7; 054852), K,12.1-
pcDNA3.1-IRESeGFP (human KCNH8; Q96L42); K,1.8-pRFP-N1 (mouse Kcna10; B2RQA1), and Lyn11-GFP-pcDNAS.1 (transfec-
tion control; P07948).

RNA isolation and reverse transcription PCR

For isolation of RNA, the two inner ears were isolated from a C57BL/6J mouse, as previously reported ( Leitner et al., 2011) and the
cochleae were separated from the vestibular organ. The two cochleae were homogenized in 400 ul lysis buffer on ice three times for
10 s, and total RNA was isolated using the peqGOLD Total RNA Kit (peglab/ VWR Life Science, Radnor/USA). RNA purity was eval-
uated by NanoDrop One® (Thermo Fisher Scientific, Waltham, USA). For RT-PCR, 1 pg total RNA was reverse transcribed using
random hexamer primers for Superscript Il Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA) or gene-specific primers for
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QIAGEN OneStep RT-PCR Kit (QIAGEN, Hilden, Germany). AmpliTag Gold DNA Polymerase (Thermo Fisher Scientific, Waltham,
USA) and HotStarTag DNA Polymerase (QIAGEN OneStep RT-PCR Kit) was used together with one of the gene-specific primer pairs

listed in Table S1 for ampilification of the cDNA of interest (last page of supplementary pdf). RT-PCR reactions comprised 35-40 cy-
cles with annealing temperatures adjusted to the employed primer pair (typically between 55-58 °C for 30-40 s) and template exten-
sion at 72°C for 40-60 s. All PCR products were separated with standard gel-electrophoreses and verified by sequencing (Seqlab
GmbH, Géttingen, Germany). For identification of K 11.2 transcripts in cochlear lysates nested PCR was performed.

Cloning of K,1.8 channels

Total RNA was extracted from the cochlea of P20-P23 mice using peqGOLD Total RNA Kit (peglab/ VWR Life Science, Radnor/ USA),
and cDNA synthesis (QIAGEN OneStep RT-PCR Kit) was performed with gene-specific primers for K, 1.8. The full-length RT-PCR prod-
uct was separated with standard gel-electrophoreses and purified using QlAquick Gel Extraction Kit (QIAGEN, Hilden, Germany). This
1826 bp fragment was cloned into a pPGEM®-T Easy Vector (Promega, USA) by taking advantage of 3’ terminal deoxyadenosine over-
hangs of the PCR product and the 3’-deoxythymidine terminals of the vector. The coding region was excised with a single restriction
digestion (Notl), and was inserted into a pRFP-N1 (Takarabio Europe) expression vector dephosphorylated with FastAP Thermosensi-
tive Alkaline Phosphatase (Thermo Fisher Scientific). For the ligation reactions, we used a T4 DNA Ligase (Thermo Fisher Scientific, Wal-
tham, USA) and incubated vector and insert in a ratio of 1:8 overnight at 4°C. The transformation was done in XL-10 gold E. coli cells.

Immunohistochemistry

Immunohistochemistry was performed on formaldehyde-fixed whole-mount preparations of the apical turn of the organ of Corti of
C57BL/6J mice (between P19 and P21), as previously reported (Vogl et al., 2017). In brief, cochleae were removed from the temporal
bone and after introduction of a small hole were placed in 2% paraformaldehyde for 2 h at 4°C. The apical turn of the organ of Corti
was then dissected from the cochlea and separated from modiolus, stria vascularis and tectorial membrane. Samples were blocked
and permeabilized for 1 h at room temperature in a buffer containing 10% normal goat serum (NGS), 0.3% Triton X-100, 20 mM PB,

and 450 mM NaCl. Immunostaining was performed overnight at 4 °C with commercially available primary antibodies detecting K ,11.1
(1:400; Alomone labs: #APC-016; for K,11.2 and K,11.2 see Key Resources Table) and Myosin Vlla (1:200; Santa Cruz: sc-74516)
and K, 12.1 (1:400; Alomone labs; #APC-113). Alexa 488- and Alexa-633-conjugated secondary IgG antibodies (1:200; life technologies:

A11008 and A21050) were used for detection. Nuclei were stained with 2 ug/ml 4',6-Diamidine-2’'-phenylindole dihydrochloride (DAPI,
Sigma-Aldrich, Hamburg, Germany, D9542). For imaging, tissue was mounted on Superfrost microscope slides (Thermo Scientific;
4951PLUS4). Specificity of all primary antibodies was assessed on not transfected CHO cells and on CHO cells transiently expressing

K* channel subunits, and for the anti-K,11.1 antibody also on organ of Corti preparations isolated from hair cell-specific Kcnh2 knock-
out mice (see above). As commercially available antibody against K, 12.1 (available at Alomone labs; #APC-113) produced unspecific
immunosignals in not transfected CHO cells, we did not utilize this antibody for expression analyses in cochlear tissue. For K, 1.8 chan-
nels there are no commercial antibodies available.

Confocal Imaging

Confocal imaging was performed with an upright LSM 710 Axio Examiner microscope using W-Plan-Apochromat 63x 1,0 VIS-IR wa-
ter immersion objective (Carl Zeiss, Jena, Germany) (Leitner et al., 2018; Mavrantoni et al., 2015). Alexa 488 was excited at 488 nm
with an argon laser and fluorescence emission was recorded at 493-597 nm, and Alexa-633 was excited at 633 nm with a HeNe633
laser (Zeiss) and fluorescence emission was sampled at 640-740 nm. All Images are presented as maximum intensity projections of
confocal z stacks (step size 1 um).

Electrophysiological Recordings

Whole-cell recordings were performed on acutely isolated IHCs (in a whole mount organ of Corti preparation) and transfected CHO cells
in culture, as previously reported (Leitner et al., 2011, 2018). In brief, apical turns of the organ of Corti of C57BL/6J mice (P19-P21) were
isolated in extracellular solution containing (in mM): 144 NaCl, 5.8 KClI, 1.3 CaCl,, 0.7 Na,HPO,, 0.9 MgCl,, 5.6 glucose, 10 HEPES, pH
adjusted to 7.4 (NaOH) (305-310 mOsm/kg). For recordings, the tissue was transferred into an experimental chamber and continuously
perfused with the same extracellular solution. Outer hair cells and supporting cells were removed carefully by gentle suction through a
cleaning pipette to obtain access to the basal cell pole of IHCs ( Dierich et al., 2019a). Whole-cell patch clamp recordings were per-
formed at room temperature (22-24°C) with an HEKA EPC10 USB patch clamp amplifier controlled by PatchMaster software (HEKA,
Lambrecht, Germany). Voltage clamp recordings were low-pass filtered at 2.5 kHz and sampled at 5 kHz. Recordings were excluded
from analyses, when the series resistance (Rs) was > 6 MQ, and Rs was compensated through-out the recordings (80%-90%). Rs typi-
cally was ~4 MQ and consequently remaining Rs was about 0.4 MQ (90% compensation) to 0.8 MQ (80% compensation) in the majority
of recordings. We did not correct for voltage errors (accordingly max. 3 — 6 mV at largest control currents of about 7.5 nA recorded
at +30 mV) caused by this remaining Rs. Steady-state current amplitudes are presented as normalized to cell capacitance (current den-
sity: pA/pF; main text) and as absolute current amplitudes (Supplemental Figures). Membrane potentials shown were not corrected for
liquid junction potentials (approx. —4 mV). Patch pipettes were pulled from borosilicate glass (Sutter Instrument Company, Novato, CA,
USA) and had a resistance of 2-3.5 MQ after filling with intracellular solution containing (mM): 135 KClI, 3.5 MgCl ,, 2.4 CaCl, (0.1 free
Ca?*), 5 EGTA, 5 HEPES and 2.5 Na,-ATP (pH adjusted with KOH to 7.3; 290-295 mOsm/kg).

e3 Cell Reports 32, 107869, July 7, 2020



Cell Reports ¢ CellPress

Reagents

Tetraethylammonium (TEA; Tocris: Cat. 3068), iberiotoxin (IbTX; Tocris: Cat. 1086), 10,10-bis(4-Pyridinylmethyl)-9(10H)-anthrace-
none dihydrochloride (XE991; Tocris: Cat. 2000), N-[4-[[1-[2-(6-Methyl-2-pyridinyl)ethyl]-4-piperidinyl]carbonyl]phenyllmethanesul-
fonamide dihydrochloride (E-4031, Tocris: Cat. 1808), 4-aminopyridine (4-AP; Tocris: Cat. 0940), 1,3-Bis-(2-hydroxy-5-trifluoro-
methyl-phenyl)-urea (NS1643, Tocris: Cat. 3062), were diluted in extracellular solution to concentrations indicated in Results. All
substances were applied locally to the cell under investigation via a glass capillary through a custom-made application system.
“Control currents” signify currents recorded in untreated IHCs through-out the manuscript.

Computational Model of Receptor Potentials

We extended a previously published computational model of IHCs (Altoe et al., 2018) by implementing six voltage-dependent K* cur-
rent components in IHCs (I 1, Ik » and the components of | ¢ ¢ in this study: Ik s(K,1.8), Ik s(K\7.4), I s(K\11.1), Ik s(K,12.1)) together with
a shunt IHC membrane capacitance (set to 9.8 pF in good agreement to our recordings, 9.8 + 1.2 pF, n = 38 IHCs) and activity of
mechano-electrical transduction (MET) channels (see Figure 7A for model details). Note that the individual current (conductance)
voltage curves for the K* current components Ix s and Ik , were implemented into the models over the whole membrane potential
range as recorded. The model input is the sinusoidal deflection of the IHC hair bundle, which controls the activation of the MET chan-
nels (detailed description in Appendix A of Altoe et al., 2018; for activation curves of the MET channels see Figure S7B). The outputs of
the model were the IHC receptor potentials and whole cell K ™ currents modeled at 37 °C. Voltage-dependent activation of the IHC K™
channels is expressed by the following equations:

1
I(t) = g (Vim _EK)7 g(t)=m * Gimax, m+TC(jj_f:7:mi7 m; = |:1 +exp( _W)] ’

where Vm is the IHC membrane potential, Ex the reversal potential for K*, G, the maximal conductance, vg 5 and s voltages of half-
activation and sensitivity of the K™ conductance, respectively. m; describes the steady fraction of open channels at a specific mem-
brane potential, and 7, the activation time constant, describes the kinetics of the variation in open versus close channels with mem-
brane potential changes (7 does not model the kinetics of single channels). Thus, m;and r are determined by the opening versus clos-
ing rates of the individual channels at a given membrane potential (see Chapter 6 in Koch, 2004). Gax, Vo5 and s where extrapolated
from tail current recordings using least-square fits in MATLAB (MathWorks, Natick, MA) while imposing Ex to match recorded
reversal potentials. The simulated currents and activation curves of the inner hair cell conductances are shown in Figures 6B-6D.
For the numerical simulations, E x was set to —70 mV in line with our recordings and an earlier report (Marcotti et al., 2003). For
simplicity, 7 was considered voltage-independent and set to values obtained near the IHC resting potential of about —53 mV in
the model. Reliable recording of 7 close to the resting membrane potential was virtually impossible due to small current amplitudes.
We thus extrapolated the value of r at the resting potential from Boltzmann fits to the time constants (derived from mono- or double
exponential fits) recorded at more depolarised membrane potentials (more depolarised than —40 mV) for Ik ,, and the individual com-
ponents of Ik s. Note that the NS1643-sensitive current consisted of two components, of which the faster component was considered
to be mediated by K, 12.1 channels (see Results for details). All 7 values were corrected for temperature by utilizing a Q 1, factor of 2,
following a previous report on temperature sensitivity of IHC K* currents (Q1 between 1.83 - 3 in Kimitsuki and Komune, 2013). The
time constant of activation of | « s was set to 0.3 ms based on Figure 12 of Kros and Crawford (1990). By means of various manipu-
lations of the model parameters, computational simulations were utilized to elucidate the physiological relevance of the IHC currents.
These manipulations (i.e., the different employed models) are comprehensively described in the Results section.

QUANTIFICATION AND STATISTICAL ANALYSIS

Patch clamp recordings were analyzed with PatchMaster (HEKA) and IgorPro (Wavemetrics, Lake Oswego, OR). Voltage dependence
of activation was derived from tail current amplitudes using voltage protocols indicated: Maximal amplitudes of tail currents (quantified
approx. 0.2-0.4 ms after the test potential) were fit with a two-state Boltzmann function with [ = | i, + (Imax-Imin)/(1 + exp((V-Vy)/s)), where
| is current, V is the membrane voltage, V}, is the voltage at half maximal activation, and s describes the steepness of the curve. Tail
currents of XE991-sensitive currents were fitted with a double (sum of two) Boltzmann functions considering two V , and s parameters
(Figures 1F and 1G) (Imin + Imax1/(1 + exp((V-Vh1)/s1))+lmaxo/ (1 + exp((V-Vh2)/s2))). s is presented as positive values to describe the slope
of voltage-dependent channel activation. Results on voltage dependence are shown as normalized tail current (conductance)-voltage
curves, obtained by normalizing to (I max-Imin), Obtained from fits to data of individual experiments. Time constants of activation were
derived from mono- or double-exponential fits to activating current components at indicated potentials ( Dierich et al., 2018). Statistical
analysis was performed with two-tailed Student’s, Wilcoxon signed, Dunnett or Scheffé test. Statistical significance was assigned at
p<0.05(p <0.05"p <0.01, "™ p < 0.001). All data are presented as mean + SEM. In electrophysiological experiments, n rep-
resents the number of individual cells recorded from at least three independent experiments (independent transfections or independent
tissue, i.e., biological replicates).
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Supplementary Figure 1. Pharmacological isolation of I, in mature IHCs. Related to
Figure 1.

(A) Time course of inhibition of I ; in mature IHCs of the apical turn of the organ of Corti upon
application of 100 nM IbTX (red) or 5 mM TEA (black). Note that TEA inhibited the K currents
markedly faster than IbTX. Current amplitudes were quantified at the end of a 400 ms voltage
step to 20 mV from the holding potential of -60 mV (c.f. Figure 1 A+B of the main text). Data
were normalised to baseline for visualisation (I/1,). (B)-(D) Absolute voltage-dependent steady-
state current amplitudes recorded in mature IHCs under control conditions (untreated) and after
pharmacological inhibition of (B) I, (with 100 nM IbTX or 5 mM TEA), (C) I, (with 10 pM
XE991) and (D) I, ; and I, , together. These recordings correspond to current densities presented
in Figure 1 of the main text: (B) corresponds to data shown in Figure 1B, (C) corresponds to data
in Figure 1D and (D) corresponds to data in Figure 1H. (A-D) Sample sizes (n) are given in the
figure. Data presented as mean+ SEM.
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Supplementary Figure 2. Identifying candidate K, channels in mature IHCs. Related to
Figures 1-7.

We screened a single cell transcriptome analysis performed by the laboratory of Dr. He(Liu et al.,
2014) and provided by the SHIELD database (Shen et al., 2015) for candidate K, channels
expressed in mature IHCs. Taking K 7.4 as reasonable threshold (red dashed line), we considered
expression levels of K 1.8, K 3.3, K 11.1 and K 12.1 as indicative for abundance of these
channels in IHCs. Expression values represent raw data as provided by (Liu et al., 2014). Note
that K, 7.4 and K, , (BK.,) mediate I, , and I, , in IHCs (Kharkovets et al., 2006; Ruttiger et al.,
2004), respectively.
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Supplementary Figure 3. Expression analyses of K 11 channels. Related to Figure 2.

(A+B) Immunohistochemistry with antibodies targeting K 11 channels in (A) acutely isolated
apical turns of the organ of Corti and (B) Chinese hamster ovary (CHO) cells. The panels show
maximum intensity projections of confocal z-stacks of cells/tissue stained with the indicated
antibodies. (A) We did not detect any immuno-positive signals in IHCs, when employing
antibodies targeting K 11.2 (leff) and K, 11.3 (right). Note that IHCs were highlighted by staining
with antibodies targeting MyosinVlla (red). In these experiments, we detected anti-K 11.3
immunosignals in supporting cells close to IHCs (all scale bars represent 10 pm).
(B) highlights control experiments in CHO cells performed to evaluate specificity of the
employed antibodies (cells were co-stained with DAPI to visualise nuclei, and co-transfected
with Lyn11-RFP as transfection marker). (B1) depicts CHO cells transfected with K 11.1 (/eft),
K, 11.2 (middle) or K 11.3 (right) treated with primary antibodies targeting the respective
channels and the appropriate secondary antibodies (positive control). (B2) shows not transfected
CHO cells treated with primary and secondary antibodies (negative control). (B3) shows CHO
cells transfected with K 11.1 (leff), K 11.2 (middle) or K 11.3 (right) (together with Lyn11-RFP)
treated with only secondary antibodies (secondary antibody control). As we did not detect any
immuno-positive signals (B2) in not transfected CHO cells and (B3) in absence of primary
antibodies, we conclude that the employed antibodies specifically recognise K, 11 channels (scale
bars in B1 represent 10 um, in B2+B3 40 um). (C-E) Absolute voltage-dependent steady-state
current amplitudes recorded in mature IHCs under control conditions (untreated) and after
application of E-4031 (20 uM) to (C) Kcnh2"" mice (WT) or (D) Kenh2™" mice and (E) after
application of TEA (5 mM), XE991 (10 uM) and E-4031 (20 uM) in WT mice. Note that these
recordings correspond to current densities presented in Figure 2 of the main text: (C) corresponds
to data shown in Figure 2C, (D) corresponds to data in Figure 2D and (E) corresponds to data in
Figure 2G. (F) Representative whole cell currents recorded in an IHC isolated from a Kchn2™"
mouse under control conditions (untreated, left), and after extracellular application of E-4031 (20
uM, middle). E-4031-sensitive currents (red, right) were obtained by subtracting currents after
application of E-4031 from control currents. Note that E-4031 did not inhibit relevant currents in
this IHCs from a Kchn2™" mouse (voltage protocol and scale bars as indicated). (C-E) Sample
sizes (n) are given in the figure. Data presented as mean = SEM.
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Supplementary Figure 4. 4-AP-sensitive currents in IHCs and pharmacological properties
of recombinant K 1.8 channels. Related to Figure 3.

(A+B) Absolute voltage-dependent steady-state current amplitudes recorded in mature IHCs
under control conditions (untreated) and after application of (A) 4-AP (5 mM) and (B) TEA (5
mM), XE991 (10 uM), E-4031 (20 uM) and 4-AP (5 mM). Note that these recordings correspond
to current densities presented in Figure 3 of the main text: (A) corresponds to data shown in
Figure 3B and (B) corresponds to data in Figure 3D. (C-G) Representative whole-cell currents
recorded from CHO cells transiently expressing mouse K 1.8 before (black), at the end of
extracellular application (red) of (C) 20 uM E-4031, (D) 10 uM XE991, (E) 5 mM TEA,
(F) 5 mM 4-AP or (G) 30 uM NS1643 and after wash-out of the substances (grey; scale bars as
indicated). Note that NS1643- and 4-AP-dependent inhibition was rapidly reversible. (H) shows
the voltage protocol for recordings as shown in (C-G). (I) Averaged time course of K 1.8-
mediated currents upon application of the indicated substances (/eff) and summarized steady-
state current amplitudes at the end of the application (right; n=8 for all substances). Current
amplitudes were quantified at +20 mV from experiments shown in (C-H) and were normalised to

baseline (I, .../I,)- (A, B, I) Sample sizes (n) are given in the figure. Data presented as mean =+
SEM.



Dierich M, Altoe A et al., Figure S5

GFP signal

A 5 +TEA/XE991/E-4031 5 mM 4-AP
current at -60 mV
1.6
@
o =
= -
8 § 1.2
s 3 sty
% 0.8 ® current at +20 mV
=z
0.4-
n=4 20s
C D
control
. + 20 uM E-4031
-60 |500 pA |500 pPA
200 ms 200 ms
F G
+ 5 mM 4-AP
0 control
l
-60
120
1nA
200 ms 200 ms
S
X control 107 m control
g 10 0.8- ™ +5mM4-AP
re — m c
g -60F— o
Q — 5 0.6
O — 5]
¥ —1-120 =
— £ 0.4
+ 5 mM 4-AP €
e 0.2-
|500 pA
400 ms 0.0 n
L] I 1 I 1 I L]
-120 -80 -40
mV
L CHO cells transfected with pIRES K,12.1 + GFP
GFP signal
GFP signal

B 0.04
< -0.2-
£
€ -0.4
o
3 -0.6-
< 0.8
°
[
= -1.0
£ m after TEA/XE991/E-4031
-1.2-{ m +4-AP
T T T T T I T
-80 -40 0
mV
E
control control
+ 10 uM XE991 +5mM TEA
|1 nA
200 ms
H
2.0
control
10
S i
= 1.5
o
i"; 109 e ...
+ 30 uM NS1643 S g
....... 3 3
£ 0.5- 2
- +
7
0.0
K
J 0— 0-
5
20 5
— S < 104
z b E {
=" g
5 » 204 {
-60—
E 25
= 80 30
I B N Q N\ Q
0 L X QRN
oo(\ xb‘ 000 xb‘

not transfected CHO cells

GFP signal

Supplementary Figure 5. Effects of 4-APin IHCs and characteristics of recombinant K 12.1 channels.

Realated to Figures 4 and 5.



Supplementary Figure 5. Effects of 4-AP in IHCs and characteristics of recombinant K 12.1
channels. Related to Figures 4 and 5.

This figure summarises experiments in (A+B) mature IHCs of mice and (C-L) CHO cells
heterologously expressing K 12.1 (+GFP in pIRES vector). (A) Time course of effects of 4-AP (5
mM): Application of 4-AP (in cells treated with 5 mM TEA, 10 uM XE991 and
20 uM E-4031, i.e. to inhibit I, , I, , and K 11.1) caused a rapid inhibition of currents at positive
potentials and a slow potentiation of currents at hyperpolarised potentials. These different time
courses allowed for pharmacological separation of the two current components. Steady-state
currents were quantified at +20 mV and at -60 mV in recordings as shown in Figure 4C, and are
presented as normalised to base line (current I/1,)). (B) Absolute tail current amplitudes (elicited at
-120 mV after activating pulses between -100 mV and +30 mV; 10 mV increments) in IHCs
treated with TEA (5 mM), XE991 (10 uM), and E-4031 (20 uM) (black) and in the same cells
after additional application of 4-AP (5 mM; red). Note that these recordings correspond to
normalised tail currents presented in Figure 4D of the main text. (C-H) Representative whole-
cell currents recorded from CHO cells transiently transfected with human K 12.1, before (black)
and at the end of extracellular application (red) of (C) 20 uM E-4031, (D) 10 uM XE991,
(E) 5 mM TEA,(F) 5 mM 4-AP or (G) 30 uM NS1643 (voltage command and scale bars as
indicated). Note (F) 4-AP-dependent potentiation and (G) NS1643-dependent inhibition of
K, 12.1-mediated currents (c.f. Dierich et al., 2018). (H) Summarized steady-state current
amplitudes at the end of application of the indicated substances. Currents were quantified at 0 mV
from recordings as shown in (C-G) and normalised to baseline (Ig,,.../I,)- (I-K) As previously
reported(c.f. Dierich etal., 2018), 4-AP potentiated K 12.1-mediated currents and induced a shift
of voltage-dependent activation of human K 12.1 channels to hyperpolarised potentials.
(G) Representative patch clamp recordings (/eff) of a CHO cell transiently transfected with
human K 12.1 subunits before (black) and after (red) application of 5 mM 4-AP. The right panel
shows Boltzmann fits (solid line) to averaged data derived from experiments shown on the left.
(H) displays averaged V, and (I) shows the slope factor of activation from fits shown in (G) before
(black) and after (red) application of 4-AP (5 mM) (values derived from Boltzmann fits to data as
shown in (G)). (L) Commercially available anti-K 12.1 antibodies did not detect recombinant
K,12.1 in CHO cells reliably. The left panel shows CHO cells transiently transfected with a
pIRES plasmid containing genetic information for GFP and K 12.1 stained with an anti-K 12.1
antibody. The right panel shows analogous stainings in not transfected CHO cells. Note that in not
transfected CHO cells treatment with anti-K 12.1 antibody showed strong immune-positive
signals. (L) shows maximum intensity projections of confocal z-stacks. Scale bars in left panel
indicate 40 um in right panel 100 um. (A, B, H, I-K) Sample sizes (n) are given in the figure. Data
presented as mean+ SEM.
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Supplementary Figure 6. NS1643 inhibits K currents in mature IHCs and summary of
IHC K’ currents. Related to Figures 1-7.

(A) Representative recordings of an IHC under control conditions (untreated, left), after
application of 5 mM TEA, 10 uM XE991 and 20 uM E-4301 (middle) and after additional
application of 30 uM NS1643 (right). Note that NS1643 is an agonist of K 11 channels and thus
was applied after inhibition of these channels with E-4031. (B) NS1643-sensitive currents (/eft
panel, orange) obtained by current subtraction in recordings shown in (A). (C) summarized
steady-state currents analysed from recordings depicted in (A). (D+E) Mature IHCs in the apical
turn of the organ of Corti express five independent K channel populations (BK,, K, 1.8, K 7.4,
K, 11.1,K,12.1) that give rise to six K' current entities with different biophysical properties (note
that K 7.4 channels mediate two components with different voltage-dependent activation in
[HCs; see main text for details). (D) shows summarised steady-state currents in mature ITHCs
under control conditions (untreated) and for the same cells after successive application of TEA (5
mM) with XE991 (10 uM), of E-4031 (20 uM) and of 4-AP (5 mM). (E) presents the relative
contribution of the currents through the individual K channels to whole cell control currents at 0
mV (in %). (A+C) Sample size (n) is given in the figure. Data presented as mean = SEM.



A Parameters of the refined computational IHC model.

Gnax Vos s tau

(nS) (mV) | (mV) (ms)
I, (BK) 42 -53 16.4 0.3
Ik (K,7.4) 1.4 -107 1.5 instant.
I (K,11.1) | 14.3 -35.3 10 11
L (K121) | 147 -12.7 | 105 38
Ik s(K,1.8) 25 -44 6.3 23.4
Ik o(K,7.4) 28 -40 6.5 11.2

C K, conductance assigned to one subunit
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N
o

1 les(K,12.1)
Ik (K, 11.1)
native
I s(K,7.4)
leo(K,1.8)

100

10
stereocilia vibration amplitude (nm)

G

max’

activation at rest

Dierich M, Altoé A et al., Figure S7

max. conductance; V,, 5, half-activation voltage
of conductance; s, sensitivity; Tau, time constant of

MET channels
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D Results of models assigning all K, conductance to one K, subunit

Y, AC/DC | AC/DC | AC/DC | AC -3 dB corner | DC sensitivity |DC sensitivity
m 1 kHz* | 1 kHz* | 1 kHz* frequency 10 nm** dB vs. native
MV 110 nm** | 60 nm**[200 nm** Hz mV/nm
Native -53 10 3 1.8 1300 0.030 0
I (K, 7.4) | -64 6.5 1.8 1.2 1950 0.030 0
I (KA1.1)[ -53 9 2.7 1.7 1280 0.036 +1.5
Ik (K, 12.1)| -49 6 2 1.5 1100 0.057 +5.5
lks(K,1.8) | -54 14 3.3 1.8 1380 0.022 -3
Is(K.7.4) | -52 16 4 2 1340 0.020 -3

V,,, resting membrane potential; * stimulus frequency; ** stereocilia vibration amplitude

Supplementary Figure 7. Parameters of the refined computational model, activation curves
of the MET channels and models assigning all K conductance to a single K, subunit.
Related to Figures 6 and 7.

(A) Parameters of the refined computational model (temperature: 37°C; membrane capacitance:
9.8 pF; endocochlear potential: +90 mV; K reversal potential (Marcotti et al., 2003): -70 mV).
MET channel parameters (see Altoe et al., 2008 for parameter determination and Kennedy et al.,
2003 for activation time constant): G, _, =30 nS; half-activation stereocilia displacement =20 nm;
mechanical sensitivity = 16 nm; tau = 50 ps. (B) Simulated activation curves of IHC MET
channels (see Material and Methods and text for details). (C+D) Results of models assigning all
K, conductance to a single K, subunit. (C) shows IHC DC responses as function of stereocilia
vibration amplitudes in models in which all K, conductance is assigned to single K, subunit
(indicated in the graph labelling). These data correspond to the data also presented in Figure 7K.
Note log-log scaling to visualise K -subunit-dependent DC responses at faint stereocilia
vibrations and compression of DC responses. (D) Summarised results of models assigning all K
conductance to one K, subunit (see main fext for details).



Supplemental Table S1.

Sequences of primers used for RT-PCR. Related to STAR

Methods

gene [accession number] | gene-specific primer | sequence
Kcnh2 | Kuv11.1 for GAAGGTCACCCAGGTCCTGTCCTTG
[NM_013569.2] | Kv11.1 rev GAAGATCTTTTCTGAGTTGGTGTTG
Kcnh6 | Kv11.2 for TCTCCAGTCAACACCCCGAC
[NM_053937.1] | Kv11.2 rev CTCTGGAACTCTAGCTGCTT
Kv1 1.2 nested for CCAGATGAACAGACTGGAG
Kv11.2 nested ref GCTGCTCTTGTTCTGAGGAC
Kcnh7 | Kv11.3 for CCTCAGGACTTCAGAGAGC
[NM_133207.2] | Kv11.3 rev GCCTATGGAGACCCAAGATCCC
Kcna10 | Kv1.8 for ATGGATGTGTGTAGCTGGAAAGAAATGGAG
[NM_001081140.1] | Kv1.8 rev TCACTTCCTGGACTTCTCTGCAGAGCA
Kcnh8 | K\12.1 for TCACATCTCAGGACACCTTCAA
[NM_001031811.2] | Kv12.1 rev ATGCAAATGGATCTCGCTTCAA
Kcnh3 | Ky12.2 for GTGTCTCCTGGATGTGATACCT
[NM_010601.3] | Kv12.2 rev GCAGCGACTTTATATTCAGGCA
Kcnh4 | Ku12.3 for AAGACTCCAGTAACACAGCTGA
[NM_001081194.2] | Kv12.3 rev AGAGATGCATGGTAGTCTCTGG
Kcng4 | Kv7.4 for CCCACCTCGCCAAGCAGTGAGCAGGTG
[NM_001081142.2] | Kv7.4 rev TCAGTCCATGTTGGTGCTGACTGAGCG
Gapdh | GAPDH for AACTTTGGCATTGTGGAAGG
[NM_001289726.1] | GAPDH rev CCCTGTTGCTGTAGCCGTAT
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