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Abbreviations

ABR auditory brainstem response

ARHL age-related hearing loss

AUC area under the curve

BK large-conductance calcium-activated K* channel

BLB brain-blood barrier
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SUMMARY

Summary

Age-related hearing loss (ARHL) is the largest contributor to the substantial hearing
loss prevalence and is recognized as a significant factor in psychological and medical
morbidity. There is thus a tremendous need for a safe and effective pharmacological
treatment. The loss of auditory hair cells, consisting of outer hair cells (OHCs) and
inner hair cells (IHCs), has been described as the major cochlear pathology of ARHL.
The OHC physiology depends largely on functional potassium ion (K*) recycling in the
cochlea. One major component of the K* recycling circuit is the voltage-gated
potassium channel of subfamily g, member 1 (Kv7.1), which is localized in the stria
vascularis (SV). Loss of Kv7.1 has been associated with congenital deafness caused
by impaired K* secretion. Furthermore, OHC survival is linked to the voltage-gated
potassium channel of subfamily q, member 4 (Kv7.4), which dominantly determines
their membrane potential. Impaired surface expression of Kv7.4 leads to functional
impairment and has also been associated with ARHL. Although multiple chemical Kv7
channel openers have been developed as a therapeutic approach, their applicability
has not yet been demonstrated in an in vivo model. The aim of the present study was
to investigate the effect of pharmacological Kv7.4 channel activation in the
senescence-accelerated mouse prone strain 8 (SAMP8) model as a novel therapeutic
approach against ARHL. Surprisingly, we observed a significant threshold variability in
the auditory decline of SAMP8 mice over age. In search of an underlying cause, age-
related OHC loss could not be linked to this threshold variability. However, an altered
Kv7.4 expression in OHCs was linked to the SAMP8 auditory threshold variability over
age, preceding OHC loss. Pharmacological Kv7.4 channel activation by novel, small-
molecule Kv7.4 agonists was then investigated in SAMP8 mice using different routes
of administration: ACOUQ85 was locally via transtympanic application and ACOU082
was systemically administered via topical application. We demonstrated that the locally
administered ACOUOQ85 readily diffused into the cochlea and was able to significantly
reduce age-related auditory threshold shifts as well as OHC loss in SAMP8 mice. Our
findings in an in-vivo mouse model suggest that pharmacological activation of Kv7.4 is
a promising approach to prevent and decelerate age-related decline of auditory

function and morphological OHC loss linked to ARHL.



ZUSAMMENFASSUNG

Zusammenfassung

Altersbedingte Schwerhorigkeit (ARHL) tragt am meisten zur hohen Pravalenz von
Horverlusten bei und wird als bedeutender Faktor fur psychologische und medizinische
Morbiditat angesehen. Es besteht daher ein enormer Bedarf an einer sicheren und
wirksamen pharmakologischen Behandlung. Der Verlust von Horhaarzellen,
bestehend aus &uBeren Haarzellen (AHZ) und inneren Haarzellen (IHZ), wurde
wiederholt als die wesentlichste Pathologie der Cochlea bei ARHL beschrieben. Die
Physiologie der AHZ hangt weitgehend von einem funktionierenden Recycling der
Kaliumionen (K*) ab. Eine wichtige Komponente des K*-Recyclingkreislaufs ist der
spannungsabhangige Kaliumkanal der Unterfamilie q, Mitglied 1 (Kv7.1), der in der
Stria vascularis (SV) lokalisiert ist. Ein Verlust von Kv7.1 wird mit angeborener
Taubheit in Verbindung gebracht, die auf eine gestorte K*-Sekretion zurtickzuflihren
ist. DarUber hinaus wurde das Uberleben der AHZ mit dem spannungsabhéngigen
Kaliumkanal der Unterfamilie q, Mitglied 4 (Kv7.4) in Verbindung gebracht, der ihr
Membranpotenzial malRgeblich bestimmt. Eine gestorte Oberflachenexpression von
Kv7.4 fuhrt zu funktionellen Beeintrachtigungen und wurde auch mit ARHL in
Verbindung gebracht. Obwohl bereits mehrere chemische Kv7-Kanaloffner entwickelt
wurden, konnten deren Anwendbarkeit als Behandlungsansatz noch nicht in einem in-
vivo Modell nachgewiesen werden. Das Ziel der vorliegenden Studie war es, die
Wirkung einer pharmakologischen Aktivierung des Kv7.4-Kanals im Modell des
seneszenzbeschleunigten Mausestamms 8 (SAMP8) als neuen therapeutischen
Ansatz fir ARHL zu untersuchen. Uberraschenderweise beobachteten wir eine
signifikante  Schwellenvariabilitdt im Horverlust von SAMP8-Mausen mit
zunehmendem Alter. Auf der Suche nach einer zugrunde liegenden Ursache konnte
der altersbedingte AHZ Verlust nicht mit dieser Schwellenvariabilitat in Verbindung
gebracht werden. Allerdings wurde eine veranderte Kv7.4-Expression in AHZ mit der
altersbedingten Schwellenvariabilitat der SAMP8-Mause in Verbindung gebracht, die
dem AHZ Verlust vorausging. Die pharmakologische Aktivierung des Kv7.4-Kanals
durch neuartige, niedermolekulare Kv7.4-Agonisten wurde dann in SAMP8-Mausen
auf verschiedenen Verabreichungswegen untersucht: ACOUQ85 wurde lokal tber eine
transtympanische Applikation und ACOUQ082 systemisch Uber eine topische
Applikation verabreicht. Wir konnten zeigen, dass das lokal verabreichte ACOUQ085
leicht in die Cochlea diffundierte und in der Lage war, altersbedingte

Hoérschwellenverschiebungen sowie den AHZ Verlust bei SAMP8-Mausen deutlich zu
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ZUSAMMENFASSUNG

reduzieren. Unsere Ergebnisse in einem in-vivo Mausmodell deuten darauf hin, dass
die pharmakologische Aktivierung von Kv7.4 ein vielversprechender Ansatz ist, um den
altersbedingten Riickgang der Horfunktion und den morphologischen AHZ Verlust im

Zusammenhang mit ARHL zu verhindern und zu verlangsamen.
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INTRODUCTION

1. Introduction

Hearing loss is the most prevalent form of sensory impairment in humans with over
1.57 billion affected individuals worldwide. According to the Global Burden of Disease
study, it is the third largest contributor to years lived with disability, with age-related
hearing loss (ARHL) ascertained as the leading impairment in the population older than
70 years compared with all other impairments (GBD Hearing Loss Collaborators,
2019). In industrialized countries, noise-induced acoustic trauma tends to be one of
the main risk factors for hearing loss, however, a more prominent contributing factor
continues to be aging. The underlying causes of ARHL include several environmental
and polygenic factors that create a complex disorder (Géléoc and Holt, 2014; Wu et
al., 2020). Almost everyone will develop some degree of hearing loss during their
lifetime, and at least 50% will have moderate to profound hearing loss that requires
intervention (GBD Hearing Loss Collaborators, 2019). Current treatment of ARHL is
limited to prostheses (hearing aids) and implants (cochlear implants) that attempt to
compensate for hearing loss. However, to date, a pharmacological treatment that
enhances hearing function or delays the progression of hearing impairment in ARHL
does not exist, so there remains a significant need for an appropriate causal treatment

approach.

1.1 Age-related hearing loss

ARHL, also known as presbycusis, is the progressive loss of hearing sensitivity
associated with aging and results from the cumulative effects of environmental and
polygenetic factors on the auditory system (Bowl and Dawson, 2019). This complex
disorder is defined as progressive, bilateral, symmetrical sensorineural hearing loss,
particularly affecting the high frequencies (Bowl and Dawson, 2019). Due to its high
prevalence, ARHL is a widespread social and healthcare problem. It is accompanied
by impaired sound localization, reduced speech discrimination and decelerated central
processing and (Frisina and Frisina, 1997; Frisina, 2001; Merchant and Nadol, 2010).
Although ARHL is not life threatening, it is a key contributor to significant psychological
and medical morbidity, including social isolation, cognitive decline and depression (Lin
et al.,, 2011a; Lin et al., 2013; Kamil et al., 2016; Goman and Lin, 2018; Rutherford et
al., 2018; Bowl and Dawson, 2019; GBD Hearing Loss Collaborators, 2019). In
addition, it has also been identified as the single largest risk factor for dementia
(Livingston et al., 2017; Chern and Golub, 2019; Livingston et al., 2020).

9



INTRODUCTION

ARHL occurs in most mammals, including humans, with considerable variations in the
age of onset, grade of hearing loss, magnitude and localization of cellular degeneration
in the cochlea and the auditory pathway (Merchant and Nadol, 2010). ARHL arises in
the cochlea (Keithley, 2019; Fischer et al., 2020; Tawfik et al., 2020) where the
complex process of hearing takes place involving the transmission of sound through
the middle ear to the cochlea, transduction of mechanical sound stimuli into electrical
neuronal signals as well as transfer and process of this information to higher stages of
the auditory pathway (Fettiplace and Hackney, 2006; Ashmore, 2008). The mammalian
cochlea contains two categories of sensory hair cells arranged in rows along the organ
of Corti (OC, Dallos, 1966; Pickles, 1988; Schwander et al., 2010). Inner hair cells
(IHCs) are the primary sensory cells and transmit rapidly acoustic information via
multiple ribbon synapses to the auditory neurons in the spiral ganglion (SG), whereas
outer hair cells (OHCs) play an important role for amplification and frequency tuning.
This sensory epithelium in the cochlea is mechanically tuned to high frequencies at the
basal end and to low frequencies at the cochlear apex. Many forms of hearing loss,
including ARHL, primarily affect the cochlear amplifier, including OHCs. Its nonlinear
properties allow the inner ear to react to an extraordinarily wide range of sound
intensities while preserving excellent frequency specificity (Gates and Mills, 2005).
Patients suffering from ARHL primarily present a high-frequency hearing loss, which
has adverse effects in communications, especially in noisy environments. With a
progressive decline in hearing, the ability to detect, localize and identify sounds is
impacted. At later stages of ARHL, hearing loss progresses to the low-frequency
range, increasingly affecting speech understanding (Schuknecht and Gacek, 1993;
Gates and Mills, 2005). ARHL is a complex disease composed of endogenous factors
(Gates et al.,, 1999) as well as exogenous factors, primarily noise exposure that
accumulates throughout life in modern societies (see chapter 1.1.1, Helzner et al.,
2005; Wu et al., 2021). Device-related treatment including hearing aids and cochlear
implants have the potential to ameliorate the symptoms but are not able to restore
normal hearing (GBD Hearing Loss Collaborators, 2019). These devices have
significant limitations for hearing rehabilitation, such as limited speech perception in
noise, and thus, the development of new causal treatment strategies is of utmost

importance.
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INTRODUCTION

1.1.1 Otopathology of age-related hearing loss

Otopathologic studies of postmortem human temporal bones have described different
histopathologic features of ARHL. These features have been categorized into different
types of ARHL, also known as the Schuhknecht typology. These categories were
derived from quantitative otopathologic studies in serial histological sections of
postmortem human temporal bones over a span of more than five decades that were
correlated to life-time audiological measurements (Schuknecht, 1955; 1964; 1974;
1993; Schuknecht and Gacek, 1993; Merchant and Nadol, 2010). For the purpose of
understanding the otopathology of presbycusis, a set of criteria has been established
by Schuknecht and Gacek (1993) to categorize patterns of the multiple age-related
changes of cellular cochlear elements and to classify them as distinct types of
presbycusis. According to this model, presbycusis has been classified into sensory,
strial, and neural presbycusis, or a combination thereof which is termed mixed

presbycusis (Merchant and Nadol, 2010).
Sensory presbycusis

The loss of auditory hair cells, especially in the basal turn, has been repeatedly
described as the major cochlear pathology of aging in humans (Crowe et al., 1934;
Bredberg, 1967; Schuknecht and Gacek, 1993) and in various animal models (Bohne
et al., 1990; Ohlemiller, 2004). The predominant pattern is loss of sensory auditory hair
cells beginning in the basal turn of the cochlea. This pattern of hair cell loss correlates
with a typical high-frequency hearing loss. A gradual reduction in outer hair cell density
can be observed with age both in the base and to a lesser extent in the apex of the
cochlea. The cellular loss in the apical turn apparently occurs at a later stage above
the age of 70 years. For inner hair cells, the degenerative pattern is similar, although
the quantitative decline is less pronounced (Wright et al., 1987). A recent
comprehensive reanalysis of human temporal bones from the archival Schuknecht
temporal bone collection based on a novel microscopic technique allowing for
enhanced cellular resolution demonstrated that ARHL is best predicted by OHC and
IHC loss, suggesting sensory presbycusis as the predominant type of ARHL in humans
(Wu et al., 2020). In addition to sensory hair cell loss, other age-related yet unidentified
factors may also contribute to ARHL (Wu et al., 2020). These factors are believed to
impact the function of the cochlea at the cellular level before cytological evidence

becomes apparent.
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Figure 1: Schematic representation of a cochlear cross-section through a single coil of the
cochlea spiral to show the main tissue areas of potential cellular degeneration in the aging
cochlea (sensory, strial, neural). ARHL has been classified into sensory, strial, and neural presbycusis,
or a combination of thereof is termed mixed presbycusis. The sensory type of ARHL was described as
the loss of auditory hair cells primarily in the basal turn of the cochlea. The strial type of ARHL is
characterized by cellular loss in the stria vascularis primarily in the apical turn. The neural type of ARHL
has been described based on the loss of neuronal cell bodies in the spiral ganglion above the norm of

spontaneous degeneration that occurs in this cell type.

Strial presbycusis

The stria vascularis (SV) is located in the lateral wall of the cochlear duct and plays an
important role in ion transport, especially in releasing potassium (K*) ions into the
endolymphatic space. The cells of the SV generate the endocochlear potential (EP),
which serves as an energy source for the hair cell conductance current and cochlear
amplifier (Salt et al., 1987; Wangemann, 2006). The EP drives current into the hair
cells once their transduction channels are mechanically opened by sound waves
propagating through the cochlear fluid. Pathological degeneration of the SV has been
observed and quantified in human temporal bones and represents a frequent
pathology in ARHL (Schuknecht, 1974; Schuknecht and Gacek, 1993; Suzuki et al.,
2006; Ishiyama et al., 2007; Kurata et al., 2016). In experimental models of ARHL
cellular loss or functional inhibition of SV has been observed in human temporal bones

and represents a major pathology, also termed metabolic presbycusis, with the
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INTRODUCTION

preceding cause being a reduction in the EP (Schulte and Schmiedt, 1992; Gratton et
al., 1996; Schmiedt, 2010). The hair cell conductance current is carried by K* ions that
are constantly recycled back to the SV after their passage through the hair cells (Spicer
and Schulte, 1991; Schulte and Steel, 1994; Spicer and Schulte, 1996). The loss of
the conduction current and the EP has the greatest effect on high-frequency hearing

due to the reduced cochlear amplification which is driven by OHCs.

Neural presbycusis

Another common pathology of the aged inner ear is neural degeneration, both in
humans (Johnsson and Hawkins, 1972; Schuknecht and Gacek, 1993; Felder and
Schrott-Fischer, 1995) and in animals (Henry and Chole, 1980; Ohlemiller and
Gagnon, 2004; Chen et al., 2006). In fact, the magnitude of neuronal loss exceeds that
of IHC loss in humans and animals (Keithley and Feldman, 1979; Chen et al., 2006;
Viana et al., 2015; Wu et al., 2019). In the mature mammalian cochlea, both IHCs and
OHCs are afferently innervated by primary auditory neurons, termed spiral ganglion
neurons (SGNs). However, the majority (> 90 %) of SGNs (Type | neurons) send a
single peripheral axon to the IHCs through a single unmyelinated terminal dendrite
(Liberman, 1980; Liberman et al., 1990; Stamataki et al., 2006). The remaining SGN
population (Type Il neurons) extend thin, unmyelinated fibers to innervate numerous
OHCs. In the noise-damaged and aging ear, the connections between SGNs and
IHCs, termed synaptic ribbons, degenerate first, rather than the IHCs themselves
(Kujawa and Liberman, 2006). This noise-induced and age-related loss of synaptic
connections between the afferent auditory-nerve fibers and IHCs has been established
in animal models, but also found in human otopathology. In the aging human ear, a
large number of auditory neurons are disconnected from the inner hair cell.
Furthermore, Wu et al. (2019) have demonstrated that in humans neural loss greatly
exceeds IHC loss by a relation of almost 3:1. This observation implies that neuronal
degeneration is the primary event, while IHC loss remains secondary (Wu et al., 2019).
This primary neural degeneration has a negligible effect on hearing thresholds until it
exceeds 80% (Lobarinas et al., 2013). However, this deafferentation of IHCs, also
known as “hidden hearing loss”, is suggested to compromise hearing ability in complex
listening environments (Badri et al., 2011; Vermiglio et al., 2012; Wu et al., 2019).
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1.1.2 Potential factors causing age-related hearing loss

ARHL is sometimes considered to be a part of the natural aging process, however, the
decline in hearing is not similar in all humans. This indicates that cumulative effects of
extrinsic environmental factors, such as noise exposure, and intrinsic factors, such as
genetic predisposition or oxidative stress, can modulate the progression of ARHL
(Yamasoba et al., 2013; Yang et al.,, 2015). Pure-tone audiograms of individuals
suffering from ARHL initially present hearing loss in the high frequencies, which are
processed in the basal turn of the cochlea. As presbycusis progresses, hearing loss
spreads further to the low frequencies, toward the apical turn of the cochlea. Aging and
noise exposure have been associated with the development of hearing loss in the
elderly population (World Health Organization, 2021). Previous studies have even
reported that noise exposure during aging can result in an acceleration of ARHL (Gates
and Mills, 2005; Kujawa and Liberman, 2006; Bielefeld et al., 2010; Fetoni et al., 2011;
Fernandez et al., 2015; Fetoni et al., 2022). Animal studies found that animals raised
in quiet environments still display OHC loss in the basal turn, however, to a lesser
magnitude (Liberman and Kiang, 1978; Keithley and Feldman, 1982; Tarnowski et al.,
1991). Kujawa and Liberman (2006) discovered that noise exposure at young ages
resulted in an increased hearing loss at older ages accompanied by synaptic damage
(synaptopathy) at the synaptic terminal between IHC and SGNs, causing a loss of
peripheral processes and neuronal cell bodies despite the absence of IHC
degeneration (Kujawa and Liberman, 2006; 2009; Lin et al., 2011a; Sergeyenko et al.,
2013; Valero et al., 2017). This phenomenon has been termed “hidden hearing loss”.
The experimental data in laboratory mammals, and human temporal bone findings
(Viana et al., 2015; Wu et al., 2019), support the interpretation that noise exposure at
young age has the potential to damage the IHC synapse and potentially accelerate the

progression of ARHL.

Heritability studies suggest that a genetic predisposition to ARHL provides an
explanation for the observed variability regarding age of onset or grade of hearing loss
(Trpchevska et al., 2022). The Framingham Heart Study concluded that approximately
55% of the variance in auditory thresholds in aged siblings and parent-child relations
have a genetic association (Gates et al., 1999). Evaluation of mouse studies support
the notion of genetic predisposition to ARHL (Erway et al., 1993; Johnson et al., 1997;
Zheng and Johnson, 2001; Noben-Trauth et al., 2003; Keithley et al., 2004). Most of

the candidate genes involved in ARHL in animal studies have been linked to defects
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in hair bundle formation (e.g. tip-link component cadherin 23, Johnson et al., 1997),
hair cell maintenance (e.g., potassium channels) and sensory transduction (e.g.,
transmembrane channel-like 1, (e.g. transmembrane channel-like 1, Kawashima et al.,
2011; Beurg et al., 2021). The various combinations of inner ear pathologies, each with
a potentially different etiology and genetic component, make it difficult to pinpoint a
combination or relevant pathogenic variants in potentially numerous genes that
account for the susceptibility to ARHL (Lewis et al., 2018). Twin studies for ARHL have
estimated the heritability of ARHL or the importance of a genetic component (Van
Eyken et al., 2006) and found that twin similarity of monozygotic twins decreased with
age and dizygotic twins increased with age (Karlsson et al., 1997). This suggests that

environmental factors also have a significant role in the development of ARHL.

Research to date points to mitochondrial dysfunction and oxidative stress as major
contributors to age-related cellular degeneration in the cochlea (McFadden et al.,
1999a; Ohlemiller et al., 2000; Keithley et al., 2005; Benkafadar et al., 2019). The inner
ear needs energy to maintain the EP, which is essential for the motility of OHCs, the
function of IHCs and SGNs. All cellular structures involved in the transduction process
correspondingly contain a high number of mitochondria (Spoendlin, 1981; Nakazawa
et al., 1995; Spicer and Schulte, 2002). Hair cells have a high demand for energy and
are, therefore, highly dependent on energy supply (Shin et al., 2007). This energy is
provided through cellular respiration in the mitochondria. However, mitochondria are
also the source of reactive oxygen species (ROS), which can damage DNA and lead
to apoptosis (Ames, 2006; Lee and Wei, 2012). It has been widely considered that
aging is the process of accumulated oxidative stress caused by ROS (Harman, 1956;
Beckman and Ames, 1998). Several studies have proposed that the imbalance
between the cellular production of ROS and antioxidant enzymes, also referred to as
oxidative stress, is one of the major risk factors for ARHL (Halliwell, 1992; Menardo et
al., 2012; Han and Someya, 2013; Benkafadar et al., 2019). The accumulation of ROS
and impaired antioxidant defenses cause cellular dysfunction, such as lipid
peroxidation and enzyme inactivation, leading to permanent apoptotic cell
degeneration initiating the process of cochlear senescence (Harman, 1956; Beckman
and Ames, 1998; Baker and Staecker, 2012; Fujimoto and Yamasoba, 2019). The
induced modifications of, e.g. ion channels, can alter channel activity or channel gene
expression and consequently induce metabolic stress to the cochlea, cause

mitochondrial dysfunction and an associated decrease in energy production (Matalon

15



INTRODUCTION

et al., 2003; Balaban et al., 2005; Henderson et al., 2006; Lin and Beal, 2006). The
function of K* channels requires a high energy supply, which can be severely
challenged by the accumulation of ROS (Peixoto Pinheiro et al., 2020). Studies in
mouse models with deficient or absent antioxidant enzymes resulted in hearing loss
and loss of auditory neurons and hair cells compared to the control strain (McFadden
et al., 1999b; Ohlemiller et al., 2000; Keithley et al., 2005). Interventions increasing
antioxidant activity or decreasing ROS production may provide effective therapeutic
approaches to decelerate or even prevent ARHL. Interestingly, voltage-gated K*
channels have also been shown to be altered by oxidants both in vivo in C. elegans
and in vitro (Ruppersberg et al., 1991; Cai and Sesti, 2009). A recent study even
demonstrated that voltage-gated potassium channel of subfamily q, member 4 (Kv7.4
or KCNQ4) are also expressed in neuronal mitochondria, where they are presumably
responsible for the regulation of membrane potential, calcium (Ca?*) uptake, and ROS
production (Paventi et al., 2022), indicating that pharmacological activation of Kv7.4

might counteract the detrimental mechanisms leading to cellular degeneration.

1.2 The potential role of Kv7 potassium channels in ARHL

Any restriction of metabolic supply, e.g., due to oxidative stress after acoustic trauma,
ototoxic insults or aging, endangers vulnerable cochlear structures that require a high
energy supply or are susceptible to ROS. Indeed, ROS contribute to the aging process
in all organs by decreasing mitochondrial activity and increasing oxidative damage and
also negatively affects hearing with age (Han and Someya, 2013). Selected K*
channels in the cochlea and ascending auditory pathway are known to rely on
continuous intracellular recycling processes for proper surface expression and are
vulnerable early targets for energy supply limitations. K* channels exhibit extreme
genetic heterogeneity and functional diversity unmatched by other types of ion
channels and have been suggested as a major target of excess ROS. Moreover, there
is strong evidence that ROS-mediated oxidation of K* channels is a relevant
pathogenic factor in the aging nervous system and plays an important role in certain
neuropathies (Cai and Sesti, 2009).

1.2.1 Impaired function of Kv7 as a primary step for hearing loss

The apical part of hair cells is specialized for mechanotransduction and bathes in
endolymph, consisting of high K* and low sodium (Na*) concentrations, while the

basolateral part of the hair cells is surrounded by perilymph with low K* and high Na*
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concentrations (Dallos, 1966). The influx of K* through apical mechanosensitive
channels depolarizes the membrane potential and drives the contraction of OHCs by
the motor protein prestin. The speed of this action depends on the capacitance and
conductance of the OHC at resting membrane potential, which in turn critically depend
on the K* efflux current Ik,n (Marcotti and Kros, 1999). However, essential to functional
hair cells is the EP, a positive extracellular potential in the scala media generated by
an extraordinarily high concentration of K* (Smith, 1954). The high K* concentration in
the scala media and the positive potential are generated by specialized cells in the SV,
which requires almost no additional metabolic energy (Zdebik et al., 2009; Patuzzi,
2011). To maintain the EP, K* ions entering hair cells are recycled back to the stria to
complete the cycle of secretion back into the scala media. This recycling system
requires specific cochlear cell types as well as selective ion channels (Zdebik et al.,
2009; Adachi et al., 2013). As a component of K* circulation, voltage-gated potassium
channel of subfamily g, member 1 (Kv7.1 or KCNQ1), which is located in the SV, is
responsible for the secretion of K* to the endolymph and thereby generates the EP
(Wangemann et al., 1995; Vetter et al., 1996). Kv7.1 is expressed throughout the body,
including the lungs, liver and cochlea (Barhanin et al., 1996; Sanguinetti et al., 1996a;
Sanguinetti et al., 1996b; Neyroud et al., 1997). In the inner ear, Kv7.1 modulates the
kinetics by combining with potassium voltage-gated channel subfamily E member 1
KCNE1 to form a heteromeric channel (Neyroud et al., 1997). This drastically slows
down channel activation, shifts the voltage activation threshold in a positive direction
and avoids inactivation (Barhanin et al., 1996). Any reduction in EP affects cochlear
amplification by causing a reduction in OHC depolarization. Therefore, it is not
surprising that previous studies have shown that loss of Kv7.1 induces disruption of K*
secretion into the endolymph, consequently disrupting the EP. In humans, pathogenic
mutations in Kv7.1 and KCNE1 are associated with autosomal-recessive syndromic
hearing loss in Jevell & Lange-Nielson Syndrome 1 (Neyroud et al., 1997) and 2
(Schulze-Bahr et al., 1997).

Furthermore, the physiology of OHCs depends on K* channels at the basolateral
membrane. In particular, one type of K* channel is the main determinant responsible
for the OHC resting membrane potential. The Kv7.4 channel is involved in K* efflux
and mediates the predominant voltage-dependent K* conductance, Ikn, which is fully
active at the OHC resting potential (Housley and Ashmore, 1992; Mammano and
Ashmore, 1996; Nenov et al., 1997; Marcotti and Kros, 1999; Holt et al., 2007).
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Expression of Kv7.4 is restricted to the basal pole of OHCs (Boettger et al., 2002;
Winter et al., 2006), suggesting that Kv7.4 is responsible for the excretion of K* ions
entering OHCs via apical mechanosensitive channels (Housley and Ashmore, 1992;
Mammano and Ashmore, 1996; Kharkovets et al., 2000; Holt et al., 2007).
Furthermore, Kv7.4 expression is also evidentin IHCs (Beisel et al., 2000; Oliver et al.,
2003), SGNs, and several nuclei along the auditory pathway, e.g., in the cochlear
nucleus and inferior colliculus (Beisel et al., 2000; Kharkovets et al., 2000). Impaired
surface expression or reduced activity of Kv7.4 leads to functional impairment and has
been associated with age-related (Van Eyken et al., 2006; Van Eyken et al., 2007;
Peixoto Pinheiro et al., 2020; Peixoto Pinheiro et al., 2021; Rim et al., 2021), noise-
induced (Van Laer et al., 2006; Jaumann et al., 2012; Marchetta et al., 2020; Rim et
al., 2021; Wang et al., 2021), and ototoxic hearing loss (Leitner et al., 2011). In
humans, autosomal-dominant hereditary hearing loss DFNAZ2, is based on pathogenic
mutations in Kv7.4 (Coucke et al., 1999; Kubisch et al., 1999; Van Hauwe et al., 2000).
In a transgenic mouse model, the knock-out (KO) of Kv7.4 caused a slow loss of OHCs
at the juvenile age of 3 weeks and then progressed to IHCs and SGNs after 6 months
of age (Carignano et al.,, 2019). The loss of Kv7.4 has been linked to chronic
depolarization, possibly increasing Ca?* influx and causing chronic cellular stress
resulting in the degeneration of OHCs (Ruttiger et al., 2004). Basal OHCs with the
strongest Kv7.4 expression and largest Ik n current amplitudes are most susceptible to
degeneration, whereas apical OHCs with the smallest Ik n currents remain less affected
(Housley and Ashmore, 1992; Kubisch et al., 1999; Beisel et al., 2000; Nouvian et al.,
2003; Kharkovets et al., 2006). This phenomenon is intriguing since this susceptibility

of OHCs correlates with the high-frequency hearing loss as seen in ARHL.

In summary, the efflux of K* ions following the opening of Kv7 channels in the sensory
hair cells of the inner ear is a fundamental physiological mechanism involving the
maintenance or restoration of the resting potential, shaping the responses of sensory
hair cells and neurons (Housley and Ashmore, 1992; Santos-Sacchi, 1993; Kros et al.,
1998), synaptic inhibition in hair cells (Fuchs and Murrow, 1992; Oliver et al., 2000),
and the generation of the EP by the SV (Wangemann, 2002). These findings suggest
that pharmacological activation of Kv7 channels may preserve hearing function in

ARHL, and possibly other forms of hearing loss related to compromised Kv7 functions.
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1.2.2 Potassium channel Kv7 agonists as a potential therapeutic approach

Extensive studies of K* channel physiology have led to the appreciation that the gating
of K* channels can be influenced by multiple factors, including pharmacological small-
molecule ligands (Rim et al., 2021). To date, multiple chemical Kv7 channel openers
have been developed, with some having reached clinical application in the treatment
of neurological disorders (Miceli et al., 2008; Wulff et al., 2009).

One of the best characterized agonists of Kv7 channels is retigabine (RTG), which was
originally developed for epilepsy rescuing channel function of epileptogenic Kv7.2
mutants (Rostock et al., 1996; Xiong et al., 2008). Furthermore, anxiolytic (Korsgaard
etal., 2005) and neuroprotective properties (Rundfeldt, 1997) have been demonstrated
for this compound. RTG is known to cause a shift in the hyperpolarizing direction of
Kv7 voltage dependence. Leitner et al. (2012) showed for the first time in vitro that a
combined administration of zync phyrithione (ZnP) and RTG and functionally rescue
Kv7.4 currents in DFNA2-causing mutations in cell lines expressing the Kv7.4 channel.
Moreover, RTG and ZnP were able to enhance the native Kv7.4-mediated Ikn current
in native OHCs. These findings created the foundation for a new potential approach
for the treatment of DFNA2 and other hearing impairment related to compromised
Kv7.4 channel function (Leitner et al., 2012). RTG has been clinically approved as an
anti-seizure drug; however, its administration has been associated with adverse side
effects, such as blue skin discoloration and retinal abnormalities (Clark et al., 2015).
ZnP has previously been shown to activate Kv7 channels by increasing the opening
probability rather than altering the single channel conductance (Schroder et al., 2001;
Xiong et al., 2007; Shin et al., 2019). Although ZnP was shown to be ineffective for
Kv7.4 channels with mutations in the pore region (Leitner et al., 2012), it was able to
rescue the reduced channel activity of Kv7.4 carrying a mutation at the cytoplasmic N-
terminus (Shin et al., 2019). This indicates that ZnP, and presumably other Kv openers,
primarily modify channel gating by stabilizing the open configuration of Kv7 channels.
Interestingly, some Kv7 openers, e.g., BMS-204352 (Maxipost), are also able to
enhance the activity of the large-conductance calcium-activated K* channel BK
(Schroder et al., 2001; Gribkoff, 2003). Maxipost was initially used for the control of
convulsions and stroke before being suggested as a therapeutic approach for hearing
loss (Hewawasam et al., 2002). Shin et al. (2019) found that Maxipost was able to
reverse the decreased activity and fast-deactivation kinetics in cells expressing mutant

Kv7.4 channels. In contrast, the prospects for a therapeutic application in hearing loss
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remained limited as Maxipost failed to enhance Ikn (Leitner et al., 2012). Besides these
in vitro investigations, only one in vivo study has been performed involving the Kv7.4
agonists RTG and Maxipost in a rat model of tinnitus. Interestingly, in the study a
sodium salicylate induced reduction of the compound action potential (CAP)
amplitudes were reversed at high frequencies by Maxipost and at low frequencies by
RTG, suggesting that Maxipost and RTG can protect against sodium salicylate induced
peripheral damage (Sheppard et al., 2015). On the other hand, both Kv7.4 activators
were unable to reverse the reduced distortion-product otoacoustic emissions, thus
implying that protection was possibly not mediated at the OHC level. In addition,
another compound designated ML-213 was reported to activate Kv7.4. This Kv7
channel modulator was found to be a potent activator with a unique selectivity for Kv7.2
and Kv7.4 (Yu et al., 2011), inducing a hyperpolarizing shift of the activation curve. To
date, it has not been reported whether ML-213 is able to activate the native Ik currents
of OHCs.

The development of Kv7 channel targeting compounds to treat hearing impairments
has been proposed as a strategy for over a decade (Wulff et al., 2009; Leitner et al.,
2011; Leitner et al., 2012; Borgini et al., 2021; Rim et al., 2021). However, the lack of
selective and potent compounds and the difficulties involved in the use appropriate
animal models have inhibited further advances in the field. While voltage-gated K*
channels offer tremendous opportunities for use in genetic, age-related, and noise-
induced hearing loss, the variability of ARHL models and the necessary long-term
application have complicated a potential in vivo experimental design to investigate their

protective effect.

1.3 SAMP8 as an animal model for age-related hearing loss

Mice remain the most prominent model organism for hearing research and thus have
been used to elucidate various mechanisms of ARHL. Mouse models have also
become a reliable tool for age-related hearing research due to the ability to strictly
control both intrinsic and extrinsic factors (Vanhooren and Libert, 2013; Bowl and
Dawson, 2015). Although most inbred strains display some degree of ARHL, the age
of onset, grade of hearing loss and magnitude of cochlear degeneration are known to
vary considerably (Zheng et al., 1999; Merchant and Nadol, 2010). The most frequently
used strain for ARHL is the C57BL6/J mouse, which exhibits premature progressive

hearing loss, especially at high frequencies accompanied by a broad degeneration of
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cochlear structures (Ison et al., 2007). At 2 months of age, this strain already shows
significant hearing loss in the high-frequency range, whereas deterioration in the low-
frequency range is not noticeable until 6 months of age (Li and Borg, 1991). These
functional deficits are strongly associated with degenerative histopathological
changes. The classic ARHL pattern, resembling that of humans, manifests in this strain
at 10-15 months of age (Hunter and Willott, 1987; Zheng et al., 1999). C57BL6/J
mouse strain is known to carry a specific mutation in the cadherin 23 gene (Cdh23),
which encodes a component required for stereocilium bundle formation and has been
identified as the underlying cause of accelerated ARHL progression (Johnson et al.,
1997; Noben-Trauth et al., 2003; Keithley et al., 2004). Other studies of ARHL use
inbred strains displaying normal aging, such as the CBA/J mouse. This mouse strain
is characterized by a late onset of hearing loss due to an Ahl resistant allele. A
significant threshold shift in the high frequencies occurs around the age of 12 months,
progressing to lower frequencies until 26 months (Zheng et al., 1999; Frisina and Zhu,
2010; Ohlemiller et al., 2010). This functional loss is accompanied by a decrease in
cell density at 18 months involving mainly the OHCs with a modest loss of IHCs at the
basal turn (Ohlemiller et al., 2010). Despite the human-like course of ARHL, it should
be noted that the age-related hearing loss in the C57BL6/J and CBA/J mice is due to

predisposing genetic variants and therefore may not reflect biological aging.

Given the increasing evidence that oxidative stress is a key contributor to ARHL
(Someya and Prolla, 2010; Menardo et al., 2012; Han and Someya, 2013; Roth, 2015;
Rivas-Chacén et al., 2021), senescence-accelerated mouse strain 8 (SAMP8) may
prove to be a more suitable model for ARHL. The SAMP8 mouse strain was developed
through phenotypic selection toward senescence from the AKR/J strain (Takeda et al.,
1981). SAMP8 mice have been shown to exhibit age-dependent hearing loss (Marie
et al., 2017) together with other phenotypes, such as reduced anxiety behaviour
(Miyamoto, 1997), learning and memory deficits (Yagi et al., 1988; Flood and Morley,
1998), and a reduced lifespan (Morley, 2002). Therefore, SAMP8 mice have been
identified as a suitable model in gerontological research, including Alzheimer's
disease, senile amyloidosis, cataracts, osteoporosis and brain atrophy (Akiguchi et al.,
2017; Karuppagounder et al., 2017; Folch et al., 2018; Grinan-Ferre et al., 2018).
Menardo et al. (2012) provided strong evidence that the accelerated progression of
ARHL in SAMP8 mice occurs as a result of ROS accumulation and altered levels of

antioxidant enzymes causing chronic inflammation and apoptotic cell death. The
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overall progression of age-related threshold loss in SAMP8 mice is similar to that in
other mouse models, although it occurs over a much shorter time frame, which
facilitates the design of otoprotective studies (Fetoni et al., 2011; Marie et al., 2017).
In addition to early functional age-dependent hearing loss starting at 1 month of age
(Marie et al., 2017), SAMP8 mice also displayed a sequential degeneration and loss
of OHCs, SGNs, SV and IHCs (Menardo et al., 2012; Fujimoto and Yamasoba, 2014;
Benkafadar et al., 2019), which generally mimics human presbycusis, as observed in
histopathological studies (Wu et al., 2020).

The requirements of ARHL animal models include simulating the human otopathology
of ARHL, with normal hearing at a young age followed by progressive decline of
hearing function in older adulthood. Although this cannot be perfectly replicated by any
animal model, the accelerated aging process, earlier onset, and more rapid
progression of age-related pathological phenotypes make the SAMPS8 strain a useful
model for studying the effects of aging on biological processes, particularly regarding
the pathophysiology of ARHL (Menardo et al., 2012; Han and Someya, 2013;
Benkafadar et al., 2019).
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2. Objectives

The primary objective of this work was to investigate the effect of pharmacological
activation of a K* channel as a novel therapeutic approach for ARHL in a suitable
mouse model. K* channels are known to play an essential role in the auditory function
of the inner ear, contributing to K* recycling and homeostasis maintenance.
Furthermore, they show a distinctive wvulnerability to age-dependent energy
deprivation, which is required for continuous recycling and sustained surface
expression (Peixoto Pinheiro et al. 2020). Based on these observations, small
compounds activating Kv7.4, one of the most essential K* channels in the inner ear
and specifically the OHCs, appears a promising approach to decelerate the

progression of ARHL in the SAMP8 mouse model.
1. Variability of age-related hearing loss in SAMP8 mice

The aim of this study was to investigate the extent of functional variability and the
relation to the pattern of cellular degeneration in the cochlea as a potential underlying
cause. First, we characterized the hearing performance of SAMP8 mice by assessing
the auditory function in different age groups using auditory brainstem responses
(ABRs). Together with molecular markers of cochlear hair cell integrity and K* channel
markers, in particular, the altered expression levels of Kv7.4 and Kv7.1, were
investigated as the potential underlying cause of the observed threshold variability in
SAMP8 mice (Peixoto Pinheiro et al. 2021).

2. Local administration of a small-molecule Kv7.4 agonist as an otoprotective
treatment for ARHL in SAMP8 mice

Kv7.4 activation studies (Leitner et al., 2012) as well as Kv7.4 KO models (Kharkovets
et al., 2006; Carignano et al., 2019) implied that the application of Kv7.4 activators has
a therapeutic potential for ARHL. However, the administration of available Kv7.4
activators remains restricted, especially due to their insufficient in vivo efficacy (Rim et
al., 2021). Therefore, in this second study, we aimed to investigate the effect of a novel,
potent small-molecule Kv7.4 agonist developed by Acousia Therapeutics GmbH,
Tdbingen (Bds, 2018) on ARHL in the SAMP8 mouse model. A pharmacokinetic study
provided information on the distribution of the Kv7.4 agonist ACOUO085 from a
sustained release formulation in the cochlea by sampling cochlear perilymph and
tissue after a single application via transtympanic injection into the middle ear. The
pharmacodynamic effect of ACOU085 on ARHL in the SAMP8 model was investigated
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in two groups of mice that received repeated transtympanic injections of ACOUO085 in
two doses (0.6% w/v or 6.0% w/v) or vehicle as a control. To evaluate the effect of
cochlear Kv7.4 enhancement in vivo, auditory function was assessed using ABRs, and

quantitative cytohistological analysis was conducted (Peixoto Pinheiro et al. 2022).

3. Topical administration of a small-molecule Kv7.4 agonist as a treatment for ARHL
in SAMP8 mice (not published)

Drug delivery to the inner ear is usually obtained locally via transtympanic injection
(see study Il) through the tympanic membrane (TM) into the middle ear both in the
experimental setting and in clinical applications. However, due to a number of
limitations such as scarring of the TM by repeated perforations and the presumed need
for a life-long treatment in patients, local drug delivery to the inner ear via
transtympanic injection is constrained. To address this limitation, this third study tested
a non-invasive, systemic approach of drug delivery to the inner using a Kv7.4 agonist.
For this purpose, a further novel, small-molecule Kv7.4 agonist, ACOU082, developed
by Acousia Therapeutics GmbH, Tubingen (Bos, 2018) was delivered systemically via
repeated topical administrations into the external ear canal of SAMP8 mice. To
evaluate the effect of the Kv7.4 agonist ACOUO082 of the cochlea in SAMP8 mice,
auditory function was assessed using ABRs, and quantitative histological analysis was

conducted.
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3. Results

3.1 Variability of age-related hearing loss in SAMP8 mice

In this study, we investigated the auditory performance of SAMP8 mice. Hearing
function was assessed using ABR in SAMP8 mice of different ages. SAMP8 mice
exhibit a large variability in the decline of auditory function. Using molecular markers
of cochlear hair cell integrity and K* channel markers, particularly the altered
expression levels of Kv7.4 and Kv7.1, we investigated the underlying cause of this
observed threshold variability in SAMP8 mice (Peixoto Pinheiro et al. 2021).

3.1.1 Progression of auditory functional decline

The SAMPS8 strain has been identified as a suitable model to study age-dependent
disorders, including ARHL (Menardo et al., 2012; Marie et al., 2017; Bos, 2018;
Benkafadar et al., 2019). SAMP8 mouse model has been shown to develop an early
progressive, age-related decline in hearing function associated with sensory, neural
and strial cellular degeneration (Menardo et al., 2012; Fujimoto and Yamasoba, 2014;
Benkafadar et al., 2019). One aim of this study was to phenotypically characterize the
auditory performance of SAMP8 mice. First, we monitored hearing function of SAMP8
mice that were divided into three age groups: juvenile (average age of 6 weeks), young
adult (average age of 12 weeks), and adult (average age of 24 weeks) to confirm
premature and accelerated hearing decline in a SAMP8 reference cohort (Figure 2a,
Peixoto Pinheiro et al. 2021). Hearing thresholds were assessed by pure-tone stimulus
evoked ABR showing a progressive and significant increase in hearing loss, starting in
the high-frequency range (> 8 kHz) between juvenile and young adult stages and
further progressing toward the low-frequency range (£ 8 kHz) in the adult stages
(Figure 2b, Peixoto Pinheiro et al. 2021). This reference cohort of SAMP8 mice shows
an early progressive, age-related increase in ABR thresholds, starting primarily in the

high-frequency range and later extending to all frequencies at an adult age.

3.1.2 Variability in ABR threshold progression independent of hair cell loss

Analyzing ABR thresholds across age groups, it became apparent that this SAMPS8
cohort also presented a large variability in the age-related decline of auditory function.
We thereby observed an increase in variability with age (Figure 2a, Peixoto Pinheiro
et al. 2021). Therefore, in a next step, we investigated the extent of this functional

variability and the pattern of cellular degeneration as a potential underlying cause. We
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first hypothesized a bifurcation into subgroups with slow or fast progression of ABR
threshold increase over age, presumably entailing threshold variability between age
groups. To identify the threshold distribution within SAMP8 subgroups, a new cohort
of SAMP8 mice was compared with the interquartile range (between the 25" and 75
percentiles) of the reference cohort at the same reference ages. Based on the
progression of age-related ABR threshold loss, we were able to select mice below the
25" percentile (lower quartile) showing a relatively slow progression (n = 3) of ABR
threshold loss over age and mice above the 75" percentile (upper quartile) with a
relatively fast progression (n = 3, Figure 3, Peixoto Pinheiro et al. 2021). Mice allocated
to the normal-hearing subgroup (normal, n = 4) adhered to the progression found in
the reference cohort. Overall, no correlations were found between these subgroups
and the sex of the mice. Moreover, hearing loss between both ears for each mouse
was shown to be symmetrical. At the juvenile age, SAMPS8 mice allocated to the upper
quartile demonstrated elevated ABR thresholds for all frequencies compared to normal
hearing (mean shift 11 £ 5 dB) and mice allocated to the lower quartile (mean shift 16
t+ 4 dB). This finding suggests that SAMP8 mice exhibit subgroups with different
progressions of age-related hearing loss that already becomes apparent at the juvenile

age.

Previous studies have shown that OHCs contribute to cochlear amplification, thus
playing an essential role in cochlear sensitivity (Liberman and Kiang, 1978; Liberman
and Beil, 1979; Dallos, 2008). Based on Wu et al. (2020), the primary histopathological
predictor of ABR thresholds is OHC survival. For this reason, investigating OHC
survival may provide insight regarding the observed diverging threshold shifts in the
upper and lower quartiles of SAMP8 mouse. OHC survival was analyzed by performing
cytocochleograms obtained from OC whole-mount preparations of SAMP8 mice at the
respective ages (Figure 4, Peixoto Pinheiro et al. 2021). Cytocochleograms are
cartographic representations that demonstrate hair cell number and distribution along
the cochlear length (Viberg and Canlon, 2004; Mller et al., 2005; Carignano et al.,
2019). Present or missing OHCs and IHCs were counted and allocated to 5% bins
along the normalized spiral length of the OC. Ratio between missing hair cells and the
sum of present and missing hair cells, i.e., percentage of hair cell loss in each bin are
presented in cytocochleograms (Figure 5, Peixoto Pinheiro et al. 2021). To allow a
more accurate quantification and comparability of ABR threshold shifts and OHC loss

over age, a mouse place-frequency map (Viberg and Canlon, 2004) was used to
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convert the relative distance from apex to the corresponding frequencies along the
whole cochlear length. Cytocochleograms as well as ABR threshold shifts were divided
into low- (=8 kHz) and high-frequency (> 8 kHz) ranges in accordance with the
progressive OHC loss observed in the middle and basal regions (> 40% distance from
apex, Figure 6, Peixoto Pinheiro et al. 2021). Examining the overall number of OHCs,
the most severe loss was detected in the basal region of young adult and adult mice,
usually starting at a 40% distance from the apex. Although OHC survival was
previously reported as the primary histopathological predictor of ABR thresholds (Wu
et al., 2020), we could not confirm this observation, as no differences in OHC loss were
found between mice in the lower and upper quartiles. In the SAMP8 mice, age-related
OHC loss was not significant in the low-frequency range but showed a significant loss
in the high-frequency range. These results confirm OHC loss as one predictor of age-
related ABR threshold loss in SAMP8 mice. However, the observed threshold
variability was not fully explained by OHC loss alone (Figure 6a, Peixoto Pinheiro et al.
2021). Interestingly, mice in the lower and upper quartiles exhibit the same progression
of age-related ABR threshold loss. Both groups demonstrate comparable slopes of the
linear regression models in the high-frequency range, with a threshold increase of
8.5 dB per 50 days in the lower quartile and 8.0 dB per 50 days in the upper quartile.
In other words, even though the lower and upper quartiles indicate different time points
for the onset of hearing loss, the rate of progression thereafter remains similar. Given
that functional impairment, as measured by the progressive increase in ABR
thresholds, preceded OHC loss in both the lower and upper quartiles, it is hypothesized
that OHC loss is a predictor of the increase in ABR thresholds secondary to a functional
age-related factor that is not apparent at the cellular level. As pointed out above, such
an age-related factor without any correlation at the cellular histopathological level is

also seen in the human otopathology of ARHL (Wu et al., 2020).

3.1.3 Altered K* channel related OHC and SV phenotypes as potential
predictors for functional variability

K* is the major charge carrier for signal transduction, and its recirculation is essential
for maintaining cochlear homeostasis (Konishi et al., 1978; Zidanic and Brownell, 1990;
Wangemann et al., 1995; Kikuchi et al., 2000; Wangemann, 2006). In particular, Kv7.4
in the OHCs and Kv7.1 in the SV are crucial components in the K* recycling circuit.
Therefore, we hypothesized that phenotypic variances preceding OHC loss may be

linked to altered levels of membrane expression of Kv7.4 in OHCs or Kv7.1 in the SV.

27



RESULTS

For each age group, quantative assessment of Kv7.4 and Kv7.1 membrane expression
in the cochleae of mice allocated to the lower and upper quartiles was carried out.
Therefore, fluorescence images of mid-modiolar cochlear cross-sections were
processed and pixel intensity in the respective regions of interest, in the OHCs and the
SV, were evaluated (Figure 7, Peixoto Pinheiro et al 2021). To obtain the average
Kv7.4 intensity per OHC and the average Kv7.1 intensity per SV width, pixel intensity
profiles for Kv7.4 and Kv7.1 were integrated to obtain the area under the curve (AUC)
and then normalized by the number of OHCs or SV length, respectively (Figure 7b, c,
Peixoto Pinheiro et al. 2021). Mice allocated to the lower quartiles presented a
generally higher Kv7.4 expression over age compared to mice allocated to the upper
quartiles (Figure 8a, Peixoto Pinheiro et al. 2021); however, no significant differences
were detected between these quartiles. A similar observation was made for Kv7.1
expression in the SV (Figure 8b, Peixoto Pinheiro et al. 2021). To examine the
membrane expression in each turn, a scatterplot of the normalized AUC of Kv7.4 and
Kv7.1 immunofluorescence as a function of age was calculated. Across age, mice
allocated to the lower quartile showed relevant negative correlations between Kv7.4
expression and age that reached significance (r=-0.71, p = 0.014) for the middle turn.
Besides, relevant linear regression was also apparent in the midbasal turns
corresponding to the high-frequency region of the cochlea (> 8 kHz, Figure 9a, Peixoto
Pinheiro et al. 2021). Regarding Kv7.1 expression in SV, mice assigned to either
quartile generally showed no significant correlations between Kv7.1 expression and
age, although a difference across age is observed between the lower and upper

quartiles in the midbasal turn (Figure 9b, Peixoto Pinheiro et al. 2021).

Taken together, a generally decreased Kv7.4 and Kv7.1 membrane expression was
observed in same aged mice allocated to the upper quartiles, a finding consistent with
the higher ABR thresholds in the low- and high-frequency ranges. Therefore, we
propose altered OHC and SV phenotypes as potential predictors of the observed ABR

threshold differences, feasibly preceding OHC loss over age.

3.1.4 Summary

The large variability of age-related auditory threshold loss observed in SAMP8 mice
was investigated by a bifurcation into two subgroups, in which SAMP8 mice were
allocated to the lower and upper quartiles of the threshold distribution in a reference

population. To identify the underlying cause of the observed threshold variability, OHC
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survival was investigated as a potential predictor given that it was reported as a
histopathological predictor for ARHL (Wu et al., 2020). The age-related progression of
ABR threshold loss in the two groups was not related to an equitable loss of OHCs. An
altered OHC phenotype related to an age-related decline in Kv7.4 membrane
expression as well as a possible altered phenotype of SV linked to Kv7.1 appeared to
precede OHC loss and correlated with the functional decline as observed in ABR
threshold shifts. Based on these findings, the present study suggests that the integrity
of Kv7.4 channel expression in the OHCs is a potentially critical step for the elevated
hearing thresholds in SAMP8 mice preceding OHC loss. This leads to the hypothesis
that declining levels of Kv7.4 channel expression may be functionally compensated by
channel activation as an otoprotective measure, which in turn may delay the

progression of ARHL.

3.2 Local administration of a small-molecule Kv7.4 agonist as an
otoprotective treatment modality for ARHL in SAMP8 mice

The aim of this study was to investigate the effect of a novel, potent small molecule
Kv7.4 agonist ACOUO85 developed by Acousia Therapeutics GmbH, Tubingen (Bos,
2018) on ARHL in the SAMP8 model. Modulation of Kv7.4 by small molecule activators
as a potential treatment strategy for various types of hearing loss, including ARHL, has
been suggested in the literature for over a decade (Wulff et al., 2009; Leitner et al.,
2011; Leitner et al., 2012; Rim et al., 2021). Consequently, the pharmacological
modulation of Kv7.4 as a potential drug target in the context of hearing loss has been
investigated with available, but nonselective, small-molecule activators in cell lines and
native OHCs in vitro (Leitner et al., 2011; Leitner et al., 2012). To date in vivo
investigations to test this hypothesis are missing, possibly due to the lack of potent and
selective Kv7.4 agonists and suitable animal models. For this second study, a novel
and potent Kv7.4 agonist was investigated for its pharmacokinetic and
pharmacodynamic properties in the SAMP8 model established as a suitable model of
ARHL in study I. A pharmacokinetic study was performed to provide information about
the cochlear distribution of the Kv7.4 agonist ACOU085 from a sustained-release
formulation applied to the middle ear via transtympanic injection. Cochlear perilymph
and tissue were sampled after a single application of ACOUOQ85 in a sustained-release
formulation by transtympanic injection into the middle ear and analyzed via liquid
chromatography with tandem mass spectrometry (LC-MS/MS). To study the
pharmacodynamic effect of ACOUO085 on ARHL in the SAMP8 model, groups of mice
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received repeated transtympanic injections of ACOU085 at two doses (0.6% w/v or
6.0% w/v) or vehicle as a control. The in vivo effect of local drug treatment with the
Kv7.4 agonist ACOUO85 was examined by assessing auditory function using ABRs
and correlating this to post-mortem cytohistological analysis (Peixoto Pinheiro et al.
2022).

3.2.1 Kv7.4 agonist reduces age-related ABR threshold shifts in SAMP8 mice

To ensure relevant pharmacokinetic drug distribution to the cochlea we investigated
the concentrations of the Kv7.4 activator ACOUO085 from the formulation administered
by sampling cochlear perilymph and tissue at different timepoints after a single
transtympanic injection of 0.6% w/v (n =14) or 6.0% w/v (n = 24) formulations in
SAMPS8 mice (Figure 1a, Peixoto Pinheiro et al. 2022). This pharmacokinetic study
confirmed that ACOUOQ85 readily diffused into the cochlear perilymph and tissue from
the sustained release formulation into the middle ear cavity after a single local
transtympanic administration. In cochlear tissue as well as in perilymph, concentrations
of 6.0% w/v formulation were at least an order of magnitude higher compared to the
0.6% w/v formulation, confirming a dose-dependent uptake into the cochlea (Salt and
Plontke, 2018). Furthermore, given an ECso in the nanomolar range (Bés, 2018), we
may assume that therapeutically relevant concentrations of ACOUO085 were available
in the cochlea at 7 to 14 days after a single administration, with higher concentrations
and a presumably longer time window for the 6.0% w/v dose (Supplementary Figure
1, Peixoto Pinheiro et al., 2022).

To determine the pharmacodynamic efficacy of Kv7.4 in the ARHL mouse model, two
groups of SAMP8 mice received three consecutive, unilateral transtympanic injections
of ACOUO085 in intervals of one month. The injections were applied in 0.6% w/v (n = 10)
or6.0% w/v (n = 8) doses, denoted as 0.6% or 6.0% groups, respectively. Contralateral
ears served as controls receiving equivalent volumes of the vehicle formulation. ABR
measurements were determined before treatment (pre-treatment, preT) and at
consecutive monthly timepoints until 3 months post-treatment (postT). One month after
the third and last injection final ABR measurements were performed and animals were

sacrificed for histologic analysis (Figure 2a, Peixoto Pinheiro et al. 2022).

Comparing the progression of hearing loss of vehicle-treated ears between the two
dose groups, it is apparent that the 6.0% group demonstrates a relatively faster

progression of hearing loss than the 0.6% group (Figures 3a, b, Peixoto Pinheiro et al.
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2022). In both groups no statistically significant within-subject differences in ABR
thresholds were seen between the ACOUO085-treated and the vehicle-treated ears prior
to initiation of treatment (Figures. 2b, c, Peixoto Pinheiro et al. 2022). Although the
0.6% group generally had lower ABR thresholds than the 6.0% group (mean difference

7.4 £ 2.6 dB for all frequencies), this did not affect within-subject comparisons.

Click-evoked ABR threshold shifts of the 0.6% group did not show a significant effect
of ACOUO085 treatment for all postT intervals (Figure 3a, Peixoto Pinheiro et al. 2022).
However, an effect of treatment was observed in the 3-month post-treatment interval
in the 6.0% group (p = 0.029, Figure 3b, Peixoto Pinheiro et al. 2022). This observation
can be attributed to the initially higher thresholds as well as to the variability of age-
related ABR threshold loss in SAMP8 mice investigated in the second study,
presumably reflecting underlying phenotypic differences (see chapter 3.1). Tone burst-
evoked ABR threshold shifts were calculated with respect to the mean for each dose
group, 0.6% and 6.0%, separately. ACOUO85-treated ears presented significantly
decreased ABR threshold shifts in the 0.6% group at 3 months postT compared to
vehicle-treated ears (Figure 4a, Peixoto Pinheiro et al. 2022). Similarly, the 6.0% group
showed a main effect of treatment (tested with a two-way repeated-measures ANOVA)

just above significance (Figure 4b, Peixoto Pinheiro et al. 2022).

Taken together, the reduced ABR threshold shifts for click- and tone-burst evoked
ABRs demonstrate that repeated treatments with the Kv7.4 agonist protected a decline
of hearing function in the ARHL mouse model SAMPS8 in both the low and high dose

groups.

3.2.2 Kv7.4 agonist reduces age-related OHC loss in SAMP8 mice

To determine the degree of OHC survival, which is attributable to Kv7.4 function
(Kharkovets et al., 2006; Carignano et al., 2019), the effect of local Kv7.4 agonist
treatment on OHC survival was compared in ACOUQ085-treated and vehicle-treated
ears. This comparison was based on a quantitative analysis of cytocochleograms
covering the whole cochlea as previously described (Peixoto Pinheiro et al., 2021).
The analysis was performed for the 0.6% and 6.0% groups after the final ABR
measurement at 3 months postT (Figure 5, Peixoto Pinheiro et al. 2022). In both
treatment groups, IHC loss remained negligible below 7% (Figure 4, Peixoto Pinheiro
et al. 2022), confirming our previous histological observation (Peixoto Pinheiro et al.,

2021). Although an OHC loss of more than 10% was observed in the 0.6% group at a

31



RESULTS

distance of 37.5% from the apex, there were no significant differences between the
ACOUO085 treated and the vehicle treated ears in this 0.6% dose group (Figure 5b,
Peixoto Pinheiro et al. 2022). In contrast, in the 6.0% dose group OHC loss was
considerably reduced in the ACOUOQ85 treated ears compared to the vehicle treated

ears (Figure 5b, Peixoto Pinheiro et al. 2022).

To further quantify age-related ABR threshold shifts and OHC loss over age, a mouse
place-frequency map was implemented (Viberg and Canlon, 2004). In accordance with
the previously shown progressive OHC loss in SAMP8 mice observed in the mid- and
basal regions (> 40% distance from the apex, Figure 4, Peixoto Pinheiro et al. 2021),
the mouse place-frequency map was applied to divide the cytocochleograms into low-
frequency (= 8 kHz) and high-frequency (>8 kHz) regions. Treatment with 0.6%
ACOUO085 showed a significant main effect in tone burst-evoked ABR threshold shifts
at 3 months postT; however, this difference could not be observed in the
cytocochleogram analysis (Figure 6a, Peixoto Pinheiro et al. 2022). In the 6.0% group,
the main effect of treatment was just above the significance level comparable to the
analysis for each frequency. Furthermore, a significant reduction in OHC loss in the
high frequency range of ACOUQ85-treated ears was present compared with the
vehicle-treated ears (Figure 6b, Peixoto Pinheiro et al. 2022). Overall, administration
of the Kv7.4 agonist ACOUO85 over a period of three months was shown to significantly

reduce age-related OHC loss in the high frequency range for the higher dose group.

3.2.3 Summary

The findings presented in this study show that the novel small-molecule Kv7.4 agonist
ACOUO08S5 significantly reduced age-related ABR threshold shifts as well as OHC loss
in the SAMP8 mouse model of ARHL. These findings suggest that pharmacological
activation of Kv7.4 appears to be a promising approach to prevent and decelerate age-
related decline of auditory function and morphological loss of OHCs. Note that this
frequency range-specific effect of treatment with reduced OHC loss is consistent with

the significant reduction in click-evoked ABR threshold shifts at 3 months postT.

3.3 Systemic administration of a small-molecule Kv7.4 agonist as an
otoprotective treatment modality for ARHL in SAMP8 mice (not published)

The most common drug delivery approach to the inner ear is local drug delivery via

transtympanic injection through the TM into the middle ear. Systemic drug delivery via
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transdermal or oral routes have not been approached due to the small size of the inner
ear, the blood-labyrinth barrier (BLB) and potential systemic side effects. On the other
hand, local transtympanic inner ear drug administration has its own limitations such as
the rapid loss of the drug from the middle ear via the eustachian tube or scarring of the
TM caused by repeated perforation. These limitations may inhibit clinical development
in the context of a repeated long-term treatment as required in ARHL (Figure 2a). To
overcome these limitations and to allow a prolonged frequency of drug administration,
a novel route of transdermal, topical application via the skin of the outer ear canal was
tested in this study. For this study a further novel, potent small molecule Kv7.4 agonist,
ACOU082 (Bos, 2018), with different chemical properties from ACOUO085, was
repeatedly administered by topical transdermal delivery into the external auditory canal
of SAMP8 mice. The in vivo effect of topical, transdermal drug treatment with the Kv7.4
agonist ACOU082 was examined by assessing auditory function using ABRs and
correlating this to post-mortem cytohistological analysis as previously described
(Peixoto Pinheiro et al, 2022).

3.3.1 Study design
The Kv7.4 agonist ACOU082 was repeatedly administered via systemic, topical

application into the external auditory canal of SAMP8 mice of both sexes. The
experimental group (n = 10) received topical treatments with ACOU082 at 17% wi/v
concentration, and a control group treated in parallel received comparable treatment
with vehicle as control (Figure 2b). With a temporal delay of 6 months, an additional
experimental group (n = 10) was treated with 27.5% w/v ACOUO082 without a parallel
control group (Figure 2b). Treatment groups are hereafter referred to as 17% or 27.5%
group and the vehicle treated control group is referred to as vehicle group. A
pharmacokinetic study performed by Synovo (Tubingen) provided information on the
distribution of the Kv7.4 agonist ACOU082 in the cochlea by sampling cochlear
perilymph and tissue after a single administration to the external ear canal (data not
shown). Concentration of ACOUO082 was found to decline below the lower limit of
quantification (LLOQ) within 84 hours. Therefore, each treatment group received an
administration volume of 4 ul per ear of the respective compound into each external
auditory canal via droplets every 84 hours (twice a week). The magnitude of hearing
loss was determined by measuring acoustically evoked ABRs. At 45 days of age, ABR
thresholds were determined for each mouse before treatment, followed by the first

topical treatment for each group (ACOUO082 or vehicle). Post-treatment ABR
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measurements were performed at 1-month intervals, followed by biweekly treatments
until the last ABR measurement at 5 months postT. After the final ABR measurements
at 5 months postT (195 days), SAMP8 mice were sacrificed, cochleae were extracted
and hair cell loss was quantified using immunohistochemical cochlear whole-mount
analysis for the generation of cytocochleograms as previously described (Peixoto
Pinheiro et al. 2021).

a
ACOU085 ACOU082
transtympanic administration topical administration
limited frequency of administration increased frequency of administration
due to TM scarring possible for improved therapeutic effect
leading to conductive hearing loss
b electrophysiology in SAMP8 ABR auditory brainstem response
postT / topical application every 84h
; preT 1 month 2 months 3 months 4 months 5 months
) 45 75 105 135 165 195
vehicle I I I I I 1o
D\ ACOU082 17% I ! ! ! ' > age ()
Eﬁ ABR ABR ABR ABR AB’R ABIE cochlear
N\ N\ N\ N\ N whole-mount
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Figure 2: Schematic representation of the drug delivery approach and study design. (a) Transtympanic
drug delivery into the middle ear compared to transdermal topical administration into the external auditory canal.
(b) The effect of repeated bilateral administrations via topical application of ACOUQ82 or vehicle was investigated
in the SAMP8 mouse model. ACOU082 was tested in two dose groups 17% w/vwith a parallel control group and
27.5% wiv without a parallel control group. Treatments with 4 pl treatment solution were performed biweekly
every 84 hours into each external auditory canal. Auditory function was assessed at 1-month intervals from 45
days of age (pre-treatment, preT) to 195 days (5-months post-treatment, postT) by determining auditory
brainstem response (ABR) thresholds. After the final measurement at 5 months, mice were sacrificed and their

cochlea were extracted for cochlear whole-mount analysis and the generation of cytocochleograms.

3.3.2 Effect of Kv7.4 agonist ACOU082 on age-related threshold shifts in
SAMP8 mice

For all groups, ABR threshold shifts were calculated as the difference between
averaged thresholds (two ears per mouse) and the corresponding averaged baseline

measurement at 45 days of age. Comparing click-evoked thresholds at preT, vehicle-
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treated group presented mean threshold shifts of 19.9 + 3.5 dB in contrast to a 25.4 +
7.7 dB threshold shift for the 17% group and 23.5 £ 5.4 dB threshold shift for the 27.5%
group (data not shown). Although the vehicle group appeared to have a smaller
threshold loss than the 17% group, no significant differences between drug treated
groups and the vehicle group was found for the click-evoked ABR threshold shifts. In
general, the 17%, 27.5% and vehicle control groups presented a similar progression
of hearing loss throughout the study, and no significant differences were detected at
any postT interval. The peak therapeutic effect was expected at the end of the
treatment period of 5 months; however, since a similar progression of hearing loss
occurred in all groups, no significant differences were seen in the click-evoked
threshold shift of mice treated with 17% w/v ACOU082 or 27.5% w/v ACOU082
compared to the control group. Tone burst-evoked ABR also showed a similar outcome
for both dose groups and the control group across all frequencies (Figure 3a). To allow
frequency range-specific comparisons, ABR threshold shifts at 5 months postT were
averaged over the low- (£ 8 kHz) and high-frequency (> 8 kHz) ranges for each
treatment (Figure 3b). However, no significant differences were evident in ABR

threshold shifts between the treatment and vehicle groups.

3.3.3 Effect of Kv7.4 agonist ACOU082 on OHC loss in SAMP8 mice

To determine the effect of treatment on the degree of hair cell survival, cochleae were
extracted for immunohistochemical analysis after the final ABR measurement at 5
months postT. Note that due to whole-mount preparation damage, three mice had to
be excluded from the 27.5% ACOUO082 group at the 5-month postT intervals. One
mouse in the vehicle group met humane endpoint criteria and was therefore excluded
from the experiment at 4 months postT. Cytocochleograms were generated from OC
whole-mount preparations, counting both present and absent OHCs and IHCs along
the normalized spiral length of the OC as described previously (Peixoto Pinheiro et al.,
2021). The ratio of absent hair cells to the sum of present and absent hair cells was
visualized in cytocochleograms (Figure 3c). To facilitate comparison with ABR data, a
mouse place-frequency map was implemented (Viberg and Canlon, 2004).
Cytochleograms were divided into low (< 8 kHz) and high frequency (> 8 kHz) ranges
to correspond to the progressive OHC loss previously shown in SAMP8 mice in the
mid and basal regions (> 40% distance from the apex). Consistent with previous
findings, IHC loss remained negligible below 7% for both the treatment group and the

control group (Peixoto Pinheiro et al., 2021; Peixoto Pinheiro et al., 2022). A mean
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OHC loss of up to 36% was observed in the high frequency range of vehicle-treated
ears, starting at a distance of 30-40% from the apex (Figure 3d). However, OHC loss

showed no relevant differences between ACOUQ082- and vehicle-treated mice.
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Figure 3: Effect of repeated treatments with Kv7.4 agonist on age-related click- and toneburst-evoked
ABR threshold shifts and age-related hair cell loss. (a) Means (diamonds), box plots and individual (circles)
click-evoked threshold shifts measured at 5 months post-treatment (postT, 195 days of age) are shown for
SAMP8 mice treated bilaterally with either 17% w/v (n = 10), 27.5% w/v ACOUO082 (n= 7) or vehicle control (n=
9). Toneburst-evoked ABR threshold shifts are shown as mean and standard deviation for each treatment group
measured at 5 months postT. Toneburst-evoked ABR threshold shifts were calculated as the difference between
individual thresholds (for each ear) and the population mean at preT (n = 36, two ears per mouse). (b) To allow
frequency range-specific comparisons, ABR threshold shifts at 5 months postT were averaged over the low- (<
8 kHz) and high-frequency (> 8 kHz) ranges for each treatment. Means (diamonds), box plots and individual
(circles) tone-evoked threshold shifts are shown for SAMP8 mice. (c) Degree of outer and inner hair cell loss
(OHC, IHC, respectively) were determined at 5 months postT by generating cytocochloegrams for either 17%,
27.5% wiv ACOUO082 or vehicle control. Cytocochleograms present mean and standard error of the mean OHC
and IHC loss in percent, which are calculated as the ratio of absent hair cells to the sum of present and absent
hair cells within 5% bins of distance from apex for each treatment group. For reference, a frequency (f) axis is
depicted with respect to the relative distance from apex. (d) A mouse place-frequency map was used to divide

the cytocochleograms into low- (< 8 kHz) and high-frequency (> 8 kHz) ranges to determine OHC loss.
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3.3.4 Summary
In the present study, a Kv7.4 agonist, ACOU082, was administered via topical

administration into the external ear canal of SAMP8 mice, which offers many
advantages compared to transtympanic application. Our findings, however, could not
verify that the systemic administration of ACOU082 had a protective effect on ABR
threshold shifts or OHC survival. Still, some methodological limitations may have
hindered the detection of a protective effect akin to that of ACOUO085, which will be

discussed in the following section.
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4. Discussion

Presbycusis is a general term that refers to hearing loss in elderly individuals,
representing lifetime insults to the auditory system. Decreased hearing sensitivity and
speech understanding in noisy environments, slowed central processing of acoustic
information, and impaired localization of sound sources are hallmarks of presbycusis
(Gates and Mills, 2005). Considering the increasing life expectancy of the population,
the impact of hearing loss on the general health and well-being of individuals during
this prolonged lifespan has a significant clinical and economic impact (Stevens et al.,
2013). However, understanding the multifaceted causes of ARHL faces several major
challenges, including the high complexity of the auditory system. For this reason, the
necessity of appropriate animal models for the characterization of ARHL is of
paramount importance. At present, only prosthetic treatment for ARHL is available;

thus, finding a suitable animal model would facilitate the search for a causal treatment.

Previously, SAMP8 mice have been reported to be a promising and suitable mouse
model for ARHL due to their accelerated aging and similarity to many aspects of human
ARHL (Marie et al., 2017). By analyzing the age-related decline in hearing sensitivity
of SAMP8 mice in the first study, a significant increase in threshold variability was
observed over age. A surprising finding was that the large variability of threshold loss
did not conclusively correlate to a loss of OHCs. Attempting to find a sensitive
phenotypic marker for this age-related loss of function, it was hypothesized that
decreased expression levels of Kv7.4, a K* channel critical for OHC survival, and
Kv7.1, a key channel for K* circulation and secretion into the endolymph, represent
potential candidates for a K* channel related phenotypic alteration preceding OHC loss
and possibly accounting for the observed threshold variability. Membrane expression
levels of Kv7.4 were found to be decreased in mice with ABR thresholds allocated to
the upper quartile compared with those in the lower quartile; in particular, differences
in Kv7.4 expression were found to be congruent with the persistent ABR threshold
differences between these groups. Based on these observations, we suggest that
diminished expression levels of Kv7.4 in OHCs may be causative for auditory threshold

variability and threshold progression of SAMP8 mice (Peixoto Pinheiro et al., 2021).

Dysfunctional or reduced activity of Kv7.4 has previously been associated with genetic,
noise-induced, and age-related hearing loss (Van Eyken et al., 2007; Marchetta et al.,

2020; Wang et al., 2021); thus, maintaining Kv7.4 expression in OHCs may provide a
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novel therapeutic approach to treat ARHL and provide a proof-of-concept in the
SAMP8 mouse model. Questioning the therapeutic potential of Kv7.4, we analyzed the
hearing function of SAMP8 mice treated with a novel small-molecule Kv7.4 agonist
termed ACOUO085. Our results indicate an otoprotective effect of the Kv7.4 agonist that
seems to delay age-related ABR threshold shifts and may protect from age-related
OHC loss following repeated local administration in the SAMP8 mouse model of ARHL
(Peixoto Pinheiro et al., 2022). This indicates that pharmaceutical targeting of Kv7.4
channels is a promising approach to decelerate or prevent ARHL before the

progression of hair cell loss.

4.1 Variability in auditory functional decline of SAMP8 mice

Due to the similarities in auditory structure and physiology between mice and humans,
the close evolutionary relationship of the genomes, genetic standardization, and
relatively low husbandry costs, the mouse has been established as a useful and
important model system for the study of the auditory system (Petit, 2006; Friedman et
al., 2007; Brown et al., 2008; Bowl and Dawson, 2015). The SAMPS8 strain is a
commonly used mouse model to study several aging disorders, such as osteoporosis,
cataracts, senile amyloidosis and brain atrophy (Akiguchi et al., 2017; Karuppagounder
etal., 2017; Folch et al., 2018; Grinan-Ferre et al., 2018). Recently, SAMP8 mice have
also been described as a suitable model to study ARHL due to their premature aging
of the cochlea and their early progressive age-related decline in hearing thresholds
(Menardo et al., 2012; Akiguchi et al., 2017; Marie et al., 2017; Peixoto Pinheiro et al.,
2021).

In concordance with previous studies, in the presented study SAMP8 mice also
showed a significant ABR threshold increase from juvenile to young adult and adult
age (Figure 2, Peixoto Pinheiro et al. 2021). Benkafadar et al. (2019) compared the
progression of ABR threshold increases in SAMP8 mice. They reported that SAMPS8
mice developed ARHL after 1 month of age with a fast threshold progression increasing
5.0 dB per month over all frequencies compared to their senescence-accelerated
mouse resistant 1 (SAMR1) control group (2.8 dB per month). Similar progressions
have also been reported for the compound action potential (CAP) evoked by tone
bursts at 20 kHz (Menardo et al., 2012). In the present study, a threshold increase of
3.6 dB per month was determined across all frequencies, which is 1.4 dB less as

compared to previously reported progressions. Surprisingly, we also observed an age-
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dependent increase in threshold variability for each age group, representing an early
bifurcation of thresholds concluding a highly variable progression of age-related
hearing loss (Figure 3, Peixoto Pinheiro et al. 2021). This observation confirmed
previous findings by Benkafadar et al. (2019) and is reminiscent of the high variability
in the progression of the ABR threshold found in, e.g., the SAMR1 strain, which
represents normal senescence (Takeda et al.,, 1981). Focusing on thresholds at 1
month of age across all frequencies, Benkafadar et al. (2019) reported a mean ABR
threshold range in SAMPS8 mice of approximately 34 dB, which increased to 59 dB at
6 months of age. In comparison, in the present study, we observed a larger mean ABR
threshold range of 63 dB in juvenile mice (1.5 months) in contrast to a smaller range
of 45 dB in adult mice (6 months). Despite these differences, the variance in ABR
thresholds within age groups proved comparable, e.g., at 8 and 16 kHz, the mean
standard deviation of ABR thresholds was estimated to be 18.7 dB (n = 14, Benkafadar
et al., 2019) compared to 19.8 dB (n = 22, Peixoto Pinheiro et al. 2021) in the present
study. Unfortunately, further comparisons with data in the literature were not possible
due to a limited number of studies describing age-related auditory function in SAMPS8
mice or due to insufficient statistical reporting (Marie et al., 2017). Previous and current
data underline the functional variability in the SAMPS8 strain, which needs to be
considered in the experimental design of future studies. Consequently, predictive
biomarkers should be investigated to develop prognostic criteria to allow better

selection of experimental SAMP8 groups.

The premature senescence of SAMP8 was previously linked to altered levels of
antioxidant enzymes and an accumulation of ROS (Menardo et al., 2012).
Mitochondria have been described as a source of ROS, which can cause DNA damage
and apoptosis. On the other hand, the cellular respiratory function of mitochondria
provides the cells with energy (Ames, 2006; Lee and Wei, 2012). This energy enables
the inner ear to maintain the EP, assist motility in OHCs, perform synaptic activity and
maintain spontaneous and sound-driven discharges of the auditory neurons in the
spiral ganglion. Hair cells have a high demand for energy and therefore depend on
efficient energy supply (Shin et al., 2007). In particular, K* channel require a high
energy supply, which can be severely challenged by the accumulation of ROS (Peixoto
Pinheiro et al., 2020). Previous studies have reported that voltage-gated K* channels
are altered by oxidants both in vivo and in vitro (Ruppersberg et al., 1991; Cai and

Sesti, 2009). Specifically, Kv7.4 known as the major conductance of OHCs is also
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expressed in neuronal mitochondria, possibly regulating membrane potential and ROS
production (Paventi et al., 2022). These observations suggest that, in parallel with OHC
loss, decreased membrane expression of Kv7.4 channels in hair cells caused by ROS
can serve as a potential predictor of the observed ABR threshold variability.
Proceeding one step further, a possible pharmacological activation of these Kv7.4
channels may serve as a therapeutic approach and counteract cellular degeneration

in the cochlea.

4.1.1 Degeneration of sensory hair cells is not an exclusive underlying factor
of auditory threshold variability

Given the essential role of OHCs in the lower dynamic range of the cochlear amplifier,
OHC loss is considered a major determinant of age-related threshold shifts (Liberman
and Kiang, 1978; Liberman and Beil, 1979; Dallos, 2008). Hair cell ablation
experiments in rats using the ototoxic industrial solvent styrene demonstrated that
increasing OHCs loss resulted in a CAP threshold shift of up to 40 dB with a permanent
increase of approximately 6 dB per 10% OHC loss (Chen et al., 2008). This
observation is consistent with the results obtained in the present study, showing an
increase in threshold shifts in the high-frequency range of approximately 7.5 dB per
10% OHC loss (Figure 5, Peixoto Pinheiro et al. 2021). In addition, mean
cytocochleograms of SAMP8 mice showed the typical progression of age-related OHC
loss, with an initial loss observed in the middle turn of young adult mice followed by a
progression toward the basal region (Figure 5, Peixoto Pinheiro et al. 2021). As age
increased, a further progression of OHC loss of up to 40% was observed. This
observation confirms OHC loss as an important predictor of age-related ABR threshold
loss. However, despite the persisting ABR threshold difference between mice allocated
to the lower and upper quartiles (Figure 6a, Peixoto Pinheiro et al. 2021), OHC loss
was comparable between these groups (Figure 6b, Peixoto Pinheiro et al. 2021).
Therefore, in addition to OHC loss further factors need to be considered to explain the
observed threshold variability in SAMP8 mice. Indeed, IHC loss has been
demonstrated as another important histologic predictor of human ARHL in both high-
and low-frequency regions (Wu et al., 2020). However, in the SAMP8 mouse, IHC loss
did not appear as a predictor of age-related ABR threshold loss, as the quantification
of IHC loss remained rather negligible for all age groups (Figure 6B, Peixoto Pinheiro
et al. 2021). This observation confirmed previous findings of Menardo et al. (2012) as

they did not observe IHC loss at least until 7 months of age in SAMP8 mice. In addition,
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several previous studies in other animal models such as in chinchillas report that even
a selective loss of 70% of IHCs did not significantly change ABR thresholds (Jock et
al., 1996; El-Badry and McFadden, 2009). Furthermore, Lobarinas et al. (2013) found
that after treatment with carboplatin, an ototoxic drug that selectively damages the IHC
along the entire cochlear length, a negligible increase in threshold shift was observed
until the IHC loss exceeded 80%. These findings indicate that in the SAMP8 model
ABR thresholds are not influenced by the relatively low amount of IHC loss (< 10%).
Within the last decades, afferent synapses have been suggested as a highly vulnerable
structure. Loss of the afferent synapse has been shown to precede IHC loss in various
pathogenic insults (Stamataki et al., 2006; Sergeyenko et al., 2013; Wu et al., 2019).
Consequently affecting the ability to understand speech in noise (Badri et al., 2011;
Vermiglio et al., 2012). Nonetheless, the effect of afferent fiber loss on ABR thresholds
in mouse and guinea pig models was insignificant, as no changes were observed in
ABR thresholds despite a significant loss of approximately 50% of afferent fibers
(Kujawa and Liberman, 2009; Lin et al., 2011b).

Even though OHC loss in the SAMP8 mice of the present study has been confirmed
as an important predictor for the age-related ABR threshold loss, further age-related
factors may contribute to the observed threshold variability. Thus, damage to other
structures or phenotypic changes could influence the progression of ABR threshold
variability in SAMP8 mice.

4.1.2 Altered Kv7.4 and Kv7.1 expression as potential predictors of ARHL

While the loss of both OHC and IHC has been identified as the most relevant human
otopathological predictor of ARHL in both high- and low-frequency regions, other age-
related factors are needed to fully explain the functional decline in human ARHL (Wu
et al., 2020). These unconsidered effects may be found, for example, in the phenotype
of the surviving sensory hair cells or in other functionally relevant structures such as
the SV.

K* channels are essential to function and survival of OHCs since the hair cell
conductance currentis carried by K* ions (Spicer and Schulte, 1991; Schulte and Steel,
1994; Spicer and Schulte, 1996). This current drives the electromotility of OHCs
(Ashmore and Gale, 2004), with Kv7.4 maintaining the OHC receptor potential
(Kubisch et al., 1999; Beisel et al., 2000; Kharkovets et al., 2000; Nouvian et al., 2003;
Oliveretal., 2003; Holt et al., 2007). Although Kv7.4 has been reported to be expressed
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in IHCs (Oliver et al., 2003), this was not demonstrated in this study. Previous studies
have shown that impaired membrane expression of Kv7.4 in OHCs leads to
progressive hearing loss (Jentsch, 2000; Kharkovets et al., 2006; Gao et al., 2013;
Carignano et al., 2019). Kv7.4 KO mice have been shown to suffer from progressive
degeneration of OHCs and progressive hearing loss (Kharkovets et al., 2006;
Carignano et al., 2019). Based on these previous observations, diminished levels of
Kv7.4 expression in OHCs may be an underlying cause of the observed ABR threshold
variability in SAMP8 mice. Interestingly, Kv7.4 membrane expression appeared to be
reduced in mice with ABR thresholds allocated to the upper quartile (Figure 8A, Peixoto
Pinheiro et al. 2021). Moreover, the persistent ABR threshold difference over age
between the lower and upper quartiles (Figure 6a, Peixoto Pinheiro et al. 2021) was
found to be congruent with the persistent and increasing differences between these
groups in Kv7.4 expression over age, with larger differences in the middle and midbasal

turns (Figure 9a, Peixoto Pinheiro et al. 2021).

Another essential factor for maintaining auditory function is the recycling of K* from
OHCs to the endolymph. K* is the main charge carrier for sensory transduction and
facilitates the electromotility of OHCs (Wangemann, 2006; Nin et al., 2016). Marginal
cells of the SV are responsible for the secretion of K* to the endolymph. The major
component of this conductive pathway in the K* recycling circuit is the voltage-
dependent K* channel Kv7.1 located in the apical cell membrane of the marginal cells.
Kv7.1 mediated secretion of K* into the endolymph generates and maintains the EP
(Wangemann et al., 1995; Wangemann, 2006). Dysfunction or loss of Kv7.1 has been
shown to impair K* secretion into the endolymph, leading to a defect in endolymph
production accompanied by a collapse of Reissner's membrane and a collapse of the
endolymphatic space (Casimiro et al., 2001). Mice with a decrease in Kv7.1 membrane
expression presented SV atrophy accompanied by profound sensorineural hearing
loss (Yang et al., 2013). Taking these previous studies into account, Kv7.1 membrane
expression in the SV of SAMP8 mice was hypothesized to be another potential
underlying cause of the observed ABR threshold variability. However, no correlation
between Kv7.1 expression and age was observed in mice assigned to either quartile
(Figure 9B, Peixoto Pinheiro et al. 2021).

Many K* channels, including voltage-gated channels such as Kv7.4 and Kv7.1 have a
high energy demand to maintain the continuous recycling processes to ensure proper

membrane expression. This energy demand makes K* channels vulnerable to
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oxidative stress and primary targets of ROS accumulation (Peixoto Pinheiro et al.,
2020). Interaction of ROS with K* channels can cause modifications of membrane
currents, thereby inducing alterations of signaling mechanisms causing changes in
channel activity or gene expression (Ruppersberg et al., 1991; Matalon et al., 2003;
Cai and Sesti, 2009). Given that the premature senescence of SAMP8 was previously
linked to altered levels of antioxidant enzymes and an accumulation of ROS (Menardo
et al.,, 2012), reduced membrane expression of Kv7.4 and Kv7.1 caused by ROS
accumulation may be potential predictors of the observed ABR threshold variability in
SAMP8 mice, preceding the observed age-related OHC loss. For this reason,
compromised membrane expression of these two K* channels, in particular Kv7.4, is a
potential predictor of the observed ABR threshold variability in SAMP8 mice, possibly
preceding age-related OHC loss.

The loss of sensory hair cells and auditory function in ARHL are not attributable to a
single cause; therefore, the possibility that other cellular or subcellular predictors may
have an impact on the progression of ABR threshold variability in SAMP8 mice cannot
be excluded. Degeneration of SGNs can be observed both in human and animal
models of ARHL and have a potential role in the prediction of auditory threshold loss.
Previous studies have shown that neuronal loss precedes the degeneration of IHCs
(Viana et al., 2015; Wu et al., 2019). Furthermore, Menardo et al. (2012) reported an
SGN loss of approximately 20% by 6 months of age in SAMP8 mice. However, it was
previously reported that neuronal loss in this magnitude did not lead to elevated ABR
thresholds (Schuknecht and Woellner, 1955; Kujawa and Liberman, 2009). Even a
significant loss of 50% of SGNs does not affect ABR thresholds in mice and guinea
pigs (Kujawa and Liberman, 2009; Lin et al., 2011b). Therefore, SGN loss does not
predict ABR threshold elevation in animal models or audiometric thresholds in humans
but very likely contributes to a significant decrease in speech discrimination, especially
in noisy environments (Schuknecht and Woellner, 1955; Kujawa and Liberman, 2009;
Wu et al., 2019).

Furthermore, an underlying genetic divergence would also be a possible cause for the
observed variability of ABR thresholds. Attempting to investigate this, DNA samples
were collected from SAMP8 mice allocated to the lower quartile and upper quartile
(data not shown). After sequencing and initial analysis by QBiC (Center for Quantitative
Biology, Tubingen), genetic differences were analyzed between these two groups. To

exclude sequencing errors, strain-specific genes were detected. However, no apparent
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sequence differences were found between the lower or upper quartiles for ARHL
susceptibility genes or other known genetic candidate genes for hearing loss. Other

genomic differences cannot be excluded but were beyond the scope of this project.

Although age-related predictors may exist the integrity of voltage-gated K* channels,
particularly Kv7.4, should be considered as a phenotypic marker for elevated
thresholds in SAMP8 preceding OHC loss. The observed Kv7.4 related OHC
phenotype might be explained by the accumulated metabolic challenges, such as a
decrease in antioxidant levels or an increase in ROS production which is a typical
feature of SAMP8 mice. Therefore, balancing the generation of ROS and antioxidant
defense mechanisms or pharmaceutical targeting of Kv7.4 might be a promising

approach to slow or prevent ARHL before the inevitable loss of hair cells.

4.2 Drug delivery of a Kv7.4 agonist as an inner ear therapeutic

Dysfunctional Kv7.4 causes progressive degeneration of OHCs and hearing loss
(Kharkovets et al., 2006; Carignano et al., 2019; Noh et al., 2022). Interestingly,
Kharkovets et al. (2006) showed that residual Ikn currents in a mouse model with a
heterozygous Kv7.4 mutation were sufficient to significantly delay hair cell
degeneration and hearing loss. Furthermore, in vivo outer hair cell gene editing
ameliorated progressive hearing loss in a dominant-negative KCNQ4 mouse model
with a mutant allele carrying a common pathogenic human DFNA2 mutation (Noh et
al., 2022). However, loss of OHC was not sufficiently prevented and protection of
auditory thresholds was only partial (Noh et al., 2022). Nevertheless, this study
provides an important proof-of-concept that enhancing Kv7.4 channel activity can
restore hearing function in a murine model of compromised Kv7.4 function. In this
regard, treatment with Kv7.4 agonists may potentiate moderate Ik ncurrents, potentially
alleviating functional hearing loss and OHC loss related to compromised function of
Kv7.4 (Leitner et al., 2012). One objective of the present study was to investigate the
effects of Kv7.4 activation on age-related decline of hearing thresholds and OHC loss
in the SAMP8 model. Inner ear therapeutics targeting the cochlea for protecting or
enhancing hearing face many obstacles, such as the route of administration.
Therefore, two different approaches of administration were investigated, with
ACQUO085 administered locally via transtympanic application and ACOU082 applied

systemically via topical application.
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4.2.1 Limitations of drug delivery to the cochlear

The development of inner ear therapeutics is undergoing tremendous progress with a
wide range of different delivery methods. The spiral organization of the cochlea
establishes an additional challenge for drug delivery because equal distribution of
therapeutics cannot be assumed. Salt and Plontke (2005) have previously shown that
the distribution of a drug along the cochlea is dominated by passive diffusion, resulting
in a large longitudinal gradient from base to apex as the drug enters the cochlea
through the round window. Therefore, the concentration of the drug is highest in the
basal turn of the cochlea (high-frequency region) and probably does not reach the
apical turn (low-frequency region). Computer modelling of drug pharmacokinetics with
single injection strategies shows drug clearance into the middle ear and steep
concentration gradients of the drug in the inner ear, resulting in rapid clearance of the
drug from the basal turns of the cochlea (Plontke and Salt, 2006). Drug removal from
the cochlear compartments can occur through several routes, such as through the
Eustachian tube, via the vasculature, or via the lymphatics. In the present study, we
not only observed a successful diffusion of ACOUO085 into the cochlea but also an
increase in ACOUOQ085 concentration in the cochlear perilymph and cochlear tissue
depending on the administered dose. The ability of small molecules to passively pass
biological membranes has been shown to strongly depend on the lipid solubility and
polar properties of the molecule (Egan et al., 2000). A greater lipophilicity generally
correlated with a greater ability to cross cell membranes but also resulted in more rapid
removal from the blood (Salt and Plontke, 2005; Nyberg et al., 2019). These factors
may account for the temporal differences observed in the therapeutic window between
0.6% and 6.0% w/v concentrations. Compared to previous pharmacokinetic studies
aspirating perilymph from the basal turn of the scala tympani, in this study, perilymph
was sampled through the RWM. Salt et al. (2003) showed that perilymph samples
taken through the RWM are highly contaminated with cerebrospinal fluid (CSF) and
thus influence the sample concentration. However, it was also shown that samples with
a volume of 1 pl taken through the RWM contained approximately 80% perilymph (Salt
et al., 2003), and a greater volume than 2 pl contained more CSF than perilymph. In
the present study, only a maximum of 2 pl of perilymph was taken, meaning that the
contamination with CSF remained small. Furthermore, samples were taken
postmortem and outside of the temporal bone, and leakage due to CSF pressure was

minimal and therefore did not influence the drug concentration.
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It has previously been shown that administration of a drug solution through TM into the
middle ear allows drugs to reach and influence the function of the inner ear (Ersner et
al., 1951; Salt and Hirose, 2018), even though this minimally invasive application relies
on diffusion through the RWM. However, this method also presents some limitations,
such as the lack of control of drug concentration reaching RWM as well as the duration
of contact of the drug with the RWM, which are important factors in determining the
drug level achieved in the cochlea (Salt and Plontke, 2005). Another limitation of
transtympanic injection is perforation of the TM, which can cause scarring that results
in conductive hearing loss. To avoid this, an administration interval of 1 month was
chosen in the electrophysiological study to potentially minimize the effects of TM
scarring (Pannu et al., 2011; Gupta et al., 2019). Therefore, the estimated therapeutic
window within a 7- to 14-day time frame was less than or equal to half of the 1-month
treatment interval. As a result, this pharmacokinetic limitation presented an additional
challenge to the investigated effects of Kv7.4 activation on age-related decline in the
SAMP8 model. Compared to oral administration, this drug delivery approach has the
advantage of reducing systemic side effects in long-term applications. In a clinical trial,
the drug concentration and delivery method will likely substantially differ from those
demonstrated in experimental animals. As drug concentrations in the inner ear fluids
depend on dispersal by diffusion, they are influenced by the different scala lengths and

volumes of the inner ear in different species (Salt and Plontke, 2005).

Systemic approaches offer the advantages of ease of drug delivery and the potential
for repeated dosing to enhance therapeutic benefit. However, the challenges include
potentially lower drug penetration due to the presence of the BLB separating the inner
ear from systemic circulation (Jahnke, 1980) and therefore not reaching its intended
target cells in the cochlea in an effective concentration. In addition to the water
solubility of the substance or carrier, lipophilicity must be present to ensure distribution
in the blood as well as transport through the cell membranes (Mannhold, 2005; Nyberg
et al.,, 2019). However, greater lipophilicity results in more rapid clearance of the
compound from blood (Salt and Plontke, 2005). This limitation can be counteracted by
increasing the frequency of applications. In the ACOUQ082 study, the pharmacokinetic
study performed by Synovo (Tubingen) showed a decline of ACOUO082 concentration
below the LLOQ within 84 hours. Consequently, the frequency of administration of
ACOUO082, compared to ACOUQ85, was increased to a biweekly administration into

the external ear canal to ensure an effective target engagement. Nevertheless,
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systemic drug administration can cause off-target side effects, such as an exacerbation
of hearing loss instead of its amelioration, especially if high doses are needed to
provide protection (Rybak et al., 2019). However, this was not observed in the course

of this study.

Overall, limited access to the inner ear presents one of the greatest challenges for
inner ear drug delivery. Local drug delivery routes for inner ear disorders involve a
perforation procedure that is invasive and can potentially result in persistent or
transient hearing loss. However, to date, the bioavailability of the drug demonstrates

higher success with local delivery than with traditional systemic delivery.

4.2.2 Kv7.4 agonist as a therapeutic approach against age-related hearing loss

Small-molecule Kv7.4 agonists have been suggested as potential treatment strategy
for hearing loss for over a decade (Wulff et al., 2009; Rim et al., 2021). To the best of
our knowledge, we have demonstrated for the first time that a novel small-molecule
Kv7.4 agonist can functionally protect hearing function and OHC loss in an in vivo
model of ARHL. A significant protective effect at the functional and morphological
levels was found in the SAMP8 mouse model after 3 administrations of ACOUO085 at
the 6.0% w/v dose (Figure 3 and 5, Peixoto Pinheiro et al. 2022). Significant reductions
in click-evoked ABR threshold shifts were evident in the higher dose group compared
to the vehicle-treated ears (Figure 3d, Peixoto Pinheiro et al. 2022). A preliminary
analysis of ABR input—output functions showed no additional suprathreshold effects
on wave latency or function slope but only differences in thresholds. This suggests that
OHCs were the main target of treatment, which maintained their function and increased
their survival rate over age. In line with these electrophysiological data,
cytocochleograms showed reduced OHC loss for ACOU085-treated ears compared
with vehicle controls, which was mainly observed in the high frequency range (> 8
kHz).

Previously, we observed threshold variability between SAMP8 mice, which was not
explained by OHC loss alone (Peixoto Pinheiro et al., 2021). Therefore, the reduction
in OHC loss in the present within-subject study can largely be attributed to ACOUO085
treatment, which most likely counteracted the negative effects of oxidative stress in
SAMP8 mice on OHC survival. Furthermore, the therapeutic window was estimated to
be between 7 and 14 days after a single application (Figure 1, Peixoto Pinheiro et al.
2022), while SAMP8 mice received ACOUO085 at 1-month intervals, i.e., the therapeutic
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window was not sustained during the experimental period of 3 months. Inner ear drug
delivery research has been focusing on local drug delivery methods, but in the case of
transtympanic application, there are some limitations, such as TM perforation for each
administration that could confound the study results. Due to solubility issues,
ACOUO085 at 6.0% w/v had to be applied using a syringe with a diameter that was an
order of magnitude larger than that for the contralateral vehicle application, resulting in
greater perforation of the tympanic membrane. Previous studies have shown that the
size of the perforation is directly related to the degree of conductive hearing loss
(Pannu et al., 2011; Gupta et al., 2019). Considering the pharmacokinetic restriction
reducing drug exposure to half or less than half of the experimental time, the
perforation of the TM causing scarring and the large variability in age-related auditory
decline of the SAMP8 model, the observed protective effects appear very encouraging
and have considerable potential for further improvement, e.g., by a different drug

delivery route.

To determine whether a different approach of drug delivery was able to overcome
these challenges, the Kv7.4 agonist ACOU082 was applied via topical administration
into the external auditory canal of SAMP8 mice. In a pharmacokinetic study, the
concentration of ACOU082 was found to decline below the LLOQ within 84 hours.
Therefore, ACOUO082 or vehicle was administered bilaterally into the external auditory
canal of SAMP8 mice twice per week. Despite the increased frequency of
administration and the modified formulation to allow topical administration, no
significant functional or morphological protection of OHCs could be observed. As
mentioned before, a large variability in age-related decline was reported in SAMP8
mice (Peixoto Pinheiro et al., 2021), which could be one of the contributing factors to
the nonsignificant group differences in the ACOU082 study. When comparing click-
evoked ABR threshold shifts at 45 days of age (preT) of both treatment groups and the
vehicle control group, more elevated mean threshold shifts were detected in the 17%
and 27.5% groups. This difference could also be observed in the toneburst-evoked
threshold shifts. Note that due to planning issues, the experiments of the 17% and
vehicle groups were conducted at a different time and presumably with a different litter
than the 27.5% group, which may have introduced some confounding variables to
between-subject comparisons. Furthermore, a pharmacokinetic study after 5 months
would have been necessary to reach conclusions about the concentration of ACOU082

in the cochlear perilymph and cochlear tissue as well as potential drug accumulation
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over the course of treatment in other tissues. Finally, functional data analysis averaged
ABR thresholds from two ears for each mouse, since the bilateral topical application
and the lack of between-ear bias at baseline did not justify a choice of ear. Further
analysis of within- and between-subject comparisons depending on the choice of ear
may, however, reveal potential trends in the effect of treatment. And considering the
large variability in age-related decline of SAMP8 mice, a larger sample size would
probably have been required to reach sufficient statistical power given the potentially
large variance of drug exposure due to the administration route. While the topical
administration facilitated a systemic drug delivery and prevented damage to the TM,
the current data could not verify the protection of OHCs functionally or morphologically.
Still, the aforementioned methodological limitations may have hindered the detection
of a protective effect akin to that of ACOUO085.

Taken together, this study showed that the local administration of the novel small-
molecule Kv7.4 agonist ACOUO085 significantly reduced age-related ABR threshold
shifts as well as OHC loss in the ARHL mouse model SAMPS8. Thus, these findings
suggest that pharmacological activation of Kv7.4 appears to be a promising approach
to prevent and decelerate age-related decline of auditory function and morphological
loss of OHCs.

4.3 Conclusion

The work presented here uncovered new insights into the novel ARHL mouse model
SAMPS8 as well as a potential therapeutic approach for ARHL. First, we confirmed that
SAMP8 mice presented the typical progression of ARHL but concomitantly exhibited a
large variability in age-related decline. Loss of OHC in SAMP8 mice could be confirmed
as an important predictor for the age-related ABR threshold loss. However, the
progression of ABR threshold variability in SAMP8 mice might be influenced by
damage to other structures or phenotypic changes. We suggest that the integrity of
voltage-gated K* channels, particularly Kv7.4, should be considered as phenotypic
marker for elevated thresholds in SAMPS8 preceding OHC loss (Peixoto Pinheiro et al.
2021). Therefore, pharmaceutical targeting of Kv7.4 might be a promising approach to
prevent or decelerate ARHL. However, limited access to the inner ear presents one of
the greatest challenges for inner ear drug delivery. For the first time in vivo, we were
able to demonstrate that transtympanic administration of a novel, small molecule Kv7.4

agonist ACOUQ85 was able to functionally and morphologically protect OHCs against
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age-related degeneration in the SAMP8 mouse model of ARHL (Peixoto Pinheiro et al.
2022). Due to the limitations of local drug delivery routes for inner ear disorders
involving an invasive perforation procedure, which potentially results in conductive
hearing loss and confound study results, drug delivery using systemic approaches may
be an attractive option. However, in the present study, topical administration of the
small molecule Kv7.4 agonist ACOU082 could not show functional or morphological
protection of OHCs, but these findings may be limited by methodological caveats.
Overall, the present findings provide a promising approach to decelerating age-related
auditory decline by pharmacologically activating the Kv7.4 channel and thereby
protecting OHCs. Targeting K* channels pharmaceutically to enable rapid recycling by
activators thus has the potential to slow or even prevent ARHL before the inevitable

progression of cell and structural degeneration.
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Abstract

Age-related hearing loss (ARHL) is the most prevalent sensory deficit in the elderly and constitutes the third highest risk factor
for dementia. Lifetime noise exposure, genetic predispositions for degeneration, and metabolic stress are assumed to be the major
causes of ARHL. Both noise-induced and hereditary progressive hearing have been linked to decreased cell surface expression
and impaired conductance of the potassium ion channel Ky,7.4 (KCNQ4) in outer hair cells, inspiring future therapies to maintain
or prevent the decline of potassium ion channel surface expression to reduce ARHL. In concert with Ky/7.4 in outer hair cells,
Ky7.1 (KCNQ1) in the stria vascularis, calcium-activated potassium channels BK (KCNMA1) and SK2 (KCNN2) in hair cells
and efferent fiber synapses, and Ky3.1 (KCNC1) in the spiral ganglia and ascending auditory circuits share an upregulated
expression or subcellular targeting during final differentiation at hearing onset. They also share a distinctive fragility for noise
exposure and age-dependent shortfalls in energy supply required for sustained surface expression. Here, we review and discuss
the possible contribution of select potassium ion channels in the cochlea and auditory pathway to ARHL. We postulate genes,
proteins, or modulators that contribute to sustained ion currents or proper surface expressions of potassium channels under
challenging conditions as key for future therapies of ARHL.

Keywords Kv7.4 -Kv7.1 - BK - SK2 - Kv3.1 - Presbycusis

Introduction been recently suggested as a foremost modifying factor to lower

future dementia prevalence [7]. ARHL occurs in most mammals

Age-related hearing loss (ARHL), or presbycusis, is the most
prevalent sensory deficit in the elderly [1]. Although it is not life-
threatening, this condition is associated with significant psycho-
logical and medical morbidity, including social isolation, frailty,
depression, and cognitive decline [2-5]. As a major risk factor
for dementia [6], the prevention of hearing loss with age has
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with variations in the age of onset, rate of decline, and magni-
tude of degeneration in the cochlea and the auditory pathway
[8—11]. The affected cochlear structures include the stria
vascularis and its vasculature, spiral ligament, sensory hair cells,
and auditory neurons. Until recently, the dysfunction of the stria
vascularis resulting in a reduced endocochlear potential (EP)
was assumed to be a primary cause of ARHL [1, 12, 13].
However, new evidence from analyzing temporal bones of the
elderly challenges this long-held view, showing that hair cell
loss not only occurs in predominantly high-frequency regions
but also extends to low-frequency regions in ARHL preceding
stria vascularis degeneration [14]. Based on this observation,
lifetime acoustic noise exposure was suggested as a primary
cause of hearing loss with age, particularly due to outer hair cell
(OHC) damage after acoustic overexposure, which is suggested
to be the major contributor to ARHL [14]. Moreover, increasing
evidence suggests that even in the absence of detectable loss of
hearing sensitivity, neuronal degeneration of synaptic auditory
fibers or ascending auditory projections can precede hearing
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threshold loss and contribute as an additional hallmark of ARHL
to difficulties in speech discrimination with advancing age,
especially in noisy environments [15—17]. Thus, noise exposure
as a major cause of ARHL affects not only OHC over age [14]
but also age-related synaptopathies and neuropathies [8],
gradually leading to degeneration of spiral ganglion neurons
(SGNs) [16, 18] and central auditory processing deficits [19,
20]. Furthermore, independent of lifetime noise exposure being
linked to damaged hair cells and neurons, individuals with
cardiovascular risk factors, e.g., hypertension, diabetes,
smoking, or increased serum cholesterol, exhibit a high risk of
developing hearing impairment over age [21].

We hypothesize that any limits in metabolic supply, e.g.,
from oxidative stress after acoustic trauma or limitations dur-
ing ischemic insults, endanger particularly sensitive stages
that require high energy supply or exhibit vulnerability for
radical oxygen species (ROS) as the precursor of ARHL.
Indeed, ROS contribute through reduced mitochondrial activ-
ity and enhanced oxidative damage to aging processes in all
organs, and thus negatively affect hearing with advancing age
[22]. We postulate that select potassium ion (K*) channels in
the cochlea and ascending auditory pathway, which are
known to critically depend on continuous recycling processes
for proper surface expression, are vulnerable, early targets for
limitations in energy supply. K* channels show extreme ge-
netic heterogeneity and functional diversity unmatched by
other types of ion channels, which suggests them as one of
the primary targets of excess ROS. Moreover, strong evidence
exists that ROS-mediated oxidation of K* channels is a recur-
ring theme in the aging nervous system and is intrinsically
involved in certain neuropathies [23]. Here, we focus on func-
tionally relevant K* channels in the cochlea and auditory path-
way, which share common temporal expression during the
final differentiation stages of the organ of Corti prior to hear-
ing function in rodents, hypothesizing that late differentiation
stages are the ones affected early during aging, offering a
therapeutic window that could allow functional restoration
before cell death [24]. We discuss the following K* channels
with functional expression during or after hearing onset, that
is, around postnatal day (P) 12 in rodents, and around embry-
onic week (EW) 27 in humans (Fig. 1): (i) Ky7.4 (KCNQ4)
maintains OHC receptor potential [25-30]; (ii) Ky7.1
(KCNQ1) is expressed in marginal cells of the stria vascularis
[31-33]; (iii) calcium ion (Ca>*)-activated potassium channels
BK (KCNMA1) and SK2 (KCNN2) are involved in repolar-
ization of OHC and termination of Ca®* action potential (AP)
firing in medial olivocochlear (MOC) efferent fibers [34, 35];
and (iv) Ky3.1 (KCNC1) in SGNs and ascending auditory
circuits [36] are shown to be involved in temporal precision
of sound processing [37]. In this review, we first summarize
the expression profiles and physiological functions of these
K* channels, then discuss their individual roles in the context
of'age- and noise-dependent hearing loss, and the contribution
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of genetic predisposition to progressive hearing loss over age.
Finally, we address respective possibilities and advantages in
targeting K™ channels for therapeutic intervention against
ARHL.

K" channels in the auditory system
Ky7.4 (KCNQ4)

OHC provide the mammalian ear with fast electromechanical
amplification, which is required for the dynamic range and
speed of sound encoding by the cochlea [38]. A direct me-
chanical gating of mechanoelectrical transduction channels
modulates the input current at cochlear locations of sound
stimulus-specific frequencies. This influx of K* through apical
mechanosensitive channels depolarizes the membrane and
drives the contraction of OHC by the motor protein prestin
[39]. The speed of this action depends on the capacitance and
conductance of the OHC at resting membrane potential, which
in turn critically depend on determinants of OHC conductance
maintained through the efflux current I ;,, mediated by the
voltage-gated potassium channel subunit Ky,7.4 [40].

While Ky7.4 expression [41, 42] and its current I ,, [40]
are detected prior to hearing onset along the entire basolateral
membrane of OHC in mice (Fig. 1a), Ky/7.4 is redistributed
after the onset of hearing (P12-14), becoming restricted solely
to the basal pole (Fig. 1b) [43, 44]. This localization suggests
that Ky/7.4 serves to extrude K* ions that enter OHC through
the apical mechanosensitive channels [28, 29, 45, 46]. K/7.4
is also detected in inner hair cells (IHCs) [25, 26], SGNs, and
several nuclei along the auditory pathway, e.g., cochlear nu-
clei and inferior colliculus [25, 29].

Impaired surface expression of Ky,7.4 in hair cells has been
shown to be a primary step of hearing loss [47-50]. In Kcng4
knock-out mice, Carignano et al. [49] showed that the number
of OHC slowly decreased at a young age with increasing cell
loss up to complete degeneration at oldest ages. Degeneration
of THCs was also observed, but only in the adult stage. The
loss of this important K* channel in OHC results in a chronic
depolarization, possibly increasing Ca®* influx through
voltage-gated Ca®* channels and causing their subsequent de-
generation due to chronic cellular stress [51].

Ky7.1 (KCNQT1)

The sensory cells of the inner ear are in contact with the fluids
in the scala media which is filled with endolymph, the extra-
cellular fluid with high K* concentration. K* is the major
charge carrier for sensory transduction and its proper circula-
tion is of great importance for the process of hearing. K* ions
are secreted into the endolymph by the stria vascularis, enter
the hair cells through apical mechanosensitive non-selective
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cation channels, and exit these cells via their basolateral mem-
brane, then migrate through supporting cells and fibrocytes
towards the stria vascularis using a network of gap junctions
where they are reabsorbed by strial marginal cells and released
into the endolymph [52, 53]. Ky7.1 (KCNQ1) and its (3-
subunit KCNEI form a channel complex that is expressed in
the mature organ of Corti in the apical membrane of marginal
cells of the stria vascularis where it mediates the slow delayed
rectifier current Iy ¢ [31-33, 54]. As components of K*
circulation, Ky/7.1 and KCNE1 are responsible for the
secretion of potassium to the endolymph [55, 56], gen-
erating the EP [57, 58].

Fig. 1 K" expression along the ascending auditory pathway before and
after hearing onset. a Before the onset of hearing, potassium ion (K*)
channels are mainly expressed in the organ of Corti. In the outer hair
cells (OHC), Ky7.4 (KCNQ4, green) is found along the entire
basolateral membrane, while the inner hair cells (IHCs) express the
calcium-activated potassium channel SK2 (KCNN2, purple) before
postnatal day (P) 12 in mice, corresponding to embryonic week (EW)
27 in humans. For reference, afferent (gray) and efferent (black) neural
projections are shown. b In the mature organ of Corti, the endolymph of
the scala media contains a high concentration of K*, which is mediated by
Ky7.1 (KCNQI, orange) channels in the apical marginal cells of the stria
vascularis (SV). During auditory stimulation, endolymphatic K* enter the
OHC at the basolateral membrane, and leave the cell via Ky7.4, BK

hearing onset

v

Ky7.1 is expressed throughout the body including the liver,
lung, heart, and cochlea [31-33]. The homomeric form of
Ky7.1 gives rise to a slowly activating and deactivating
voltage-dependent potassium current [33]. However, in the
inner ear, Ky7.1 modulates the kinetics by assembling to
KCNEI to form a heteromeric channel [32]. This results in a
drastic slowdown in channel activation, a positive shift in
voltage activation threshold, and an absence of inactivation
[31]. During cochlear development, Ky/7.1 was not detected
at several embryonic stages in mice (Fig. 1a), indicating that
its expression is first established during the postnatal stages
(Fig. 1b) [59].

Ew27 [
P12 [N

(KCNMALI, blue), and SK2 channels. In the IHC, K* exits the cell
through Ky7.4 and BK channels. The expression of BK channels was
identified at the lateral wall of IHC as well as in the cell bodies of spiral
ganglion neurons (SGNs). The auditory signal is then transmitted from
the cochlea to the cochlear nucleus (CN) via rapidly firing neurons
containing Ky3.1 (KCNCI, red arrows) channels. From here,
parvalbumin-positive interneurons project onto the lateral and medial
superior olive (LSO and MSO, respectively) and the medial nucleus of
the trapezoid body (MNTB), whose fibers also express Ky3.1. The
inferior colliculus (IC) receives input from the contralateral (not shown)
and ipsilateral superior olivary complex. The fibers from the IC project to
the medial genicular body (MGB) and the signals are then transmitted to
the auditory cortex (AC) via rapid firing, Ky3.1 expressing neurons
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Loss of functional Ky,7.1 or KCNEI leads to Jervell and
Lange-Nielsen syndrome which is characterized by cardiac
arrhythmia [60-63] and associated with congenital deafness
in humans [32, 62, 64, 65]. Potassium secretion into the
endolymph is consequently disturbed causing a defect of
endolymph production and a collapse of the Reissner
membrane [66].

BK (KCNMA1) and SK2 (KCNN2)

Calcium-activated potassium channels are divided into two
broad categories, small conductance calcium-activated SK
channels and large conductance, voltage-gated, and calcium-
sensitive BK channels [67]. SK channels have high Ca** af-
finity and long open times, while BK channels are distin-
guished by significant differences in voltage sensitivity,
single-channel conductance, Ca** affinity, and gating kinetics
[68]. These channels share the common functional role of
coupling the increase in intracellular Ca** concentration to
hyperpolarization of membrane potential, thus playing an im-
portant role in cellular excitability and maintaining K* homeo-
stasis [69].

Calcium-activated K* conductance has been described in
both OHC and IHCs [45, 70]. BK decreases membrane time
constants and enables the fast repolarization of hair cell recep-
tor potentials [46] and efferent fibers [71]. BK channels in hair
cells appear to show tonotopic gradients of increasing expres-
sion from apical (low frequency) to basal (high frequency)
regions [34, 35, 72]. The stronger expression in high-
frequency regions suggests a contribution of BK channels to
high-frequency hearing in mammals. Furthermore, applica-
tion of acetylcholine, a major efferent neurotransmitter, has
been shown to exclusively activate BK currents in high-
frequency OHC as opposed to SK currents in the lower-
frequency OHC [35], and has been shown to modify efferent
inhibitory synaptic responses in high-frequency OHC [73].

In the developing mouse, SK2 channel expression in IHCs
was demonstrated during the first two postnatal weeks with a
peak around P9 (Fig. 1a), disappearing during hearing onset
with decline of cholinergic axosomatic efferent IHC innerva-
tions (Fig. 1b) [74]. BK channel expression has been identi-
fied in the cell bodies of SGN as well as in inner and outer
sensory hair cells at the onset of hearing around P12 (Fig. 1b)
[75, 76]. The appearance of the fast BK current, Ix g in IHCs
has been shown to coincide with the disappearance of spon-
taneous action potentials, transforming mature mammalian
IHCs into high-frequency signal transducers [77, 78].
During the first four postnatal weeks, BK~ mice surpris-
ingly did not show any obvious hearing deficits [51]. High-
frequency hearing loss developed in BKoc "~ mice only from
approximately 8 weeks postnatally onward and was accompa-
nied by a lack of distortion product otoacoustic emissions,
suggesting OHC dysfunction.

@ Springer

Ky3.1 (KCNC1)

The Kcenel gene yields two Ky/3.1 subtypes (a and b) through
alternative splicing [79], but Ky3.1b has been shown to pre-
dominate in the adult rodent brain [80, 81]. Apart from the
medial nucleus of the trapezoid body (MNTB) and
anteroventral cochlear nucleus (AVCN), Ky3.1 is also
expressed in neurons of the reticular thalamic nucleus and
parvalbumin-positive (PV+) interneurons of the cortex and
hypothalamus [81, 82]. Ky3.1 belongs to the delayed rectifier
channel family and is located on presynaptic terminals
[83—85]. Its high activation threshold and rapid activation
and deactivation in response to voltage changes reduce the
AP duration while simultaneously maximizing firing frequen-
cy [86]. This special characteristic of Ky3.1 for maximizing
firing frequencies is related to its distinct expression profile in
fast spiking interneurons [81, 82] and the important role it
plays in the auditory system.

During auditory pathway maturation, Ky/3.1 levels increase
in SGNs between P4 and P8, reducing AP latencies and dura-
tion after hearing onset [87, 88]. The expression level of
Ky3.1 rises dramatically near the onset of hearing along with
the maturation of fast auditory processing as shown in the
brainstem [89-91] and the inferior colliculus (Fig. 1b) [92,
93]. This expression profile in fast PV+ interneurons makes
Ky3.1 a key contributor to the lowered threshold and short-
ened latency of cortical auditory responses, which can be
measured after the sharpening of cortical receptive fields
[94] at the end of the critical period after hearing onset.
Thus, receptive field maturation coincides with the maturation
of a network of fast-spiking GABAergic PV+ interneurons
[95-98], predicted to mature in the auditory pathway with fast
auditory processing after hearing onset [99]. Accordingly,
given the optimal design of Ky3.1 for high-rate repetitive
firing [100, 101], it has been identified as critical for fast-
spiking PV+ interneurons [102]. Also, the key components
in the auditory pathway required for auditory discrimination,
the MNTB and AVCN, contain neurons that fire at very rapid
rates, requiring the expression of Ky3.1 for rapid repolariza-
tion of AP during sound-induced activity [103—-105]. MNTB
neurons of Ky3.1 deficient mice were incapable of following
high-rate stimulation or sustaining high-rate firing AP [37],
demonstrating that Ky/3.1 is essential for the rapid firing pat-
terns. Given that hearing impairment can lead to a decline in
Ky3.1 expression in the MNTB [36, 106], it is likely that the
lack of Ky/3.1 channels is a key contributor to deficits in fast
auditory discrimination over age [107].

Noise exposure linked to ARHL

The driving mechanisms of hearing loss over age remain
largely unclear. Already in rodent animal species that are
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widely used as models for human hearing, the age-related loss
of cochlear function is highly variable; different mouse lines
display hearing loss as early as 5 weeks after birth, determined
partly by species, strain, and animal history, but also partly by
lifetime auditory exposure determined by noise intensity level,
duration, predictability, exposure context, and other character-
istics of the sound [108]. In healthy-aged Mongolian gerbils,
auditory-evoked potentials show a decrease of responses be-
fore the loss of auditory sensitivity, which is attributed to age-
related pathologies in the auditory periphery [109, 110].
Studies in quiet-aged gerbils suggest that loss of synapses is
the earliest age-related degenerative event (reviewed in [111]),
preceding strial dysfunction and other cochlear pathologies
[112]. Functional studies on aging rats have confirmed this
[113] and extended the functional consequences of the loss
of synapses beyond hearing sensitivity towards the loss of
central compensatory action of the brain to make use of the
few remaining auditory signals. In the cochlea, aging in ger-
bils and rats is characterized by threshold increase and con-
current loss of normal OHC phenotype from the second third
of their lifespan onwards, which is related to a reduced brain-
derived neurotrophic factor (BDNF) expression levels in the
auditory nerve [114].

In CD-1 mice, often used as a model for human hearing, the
EP is already lost at the age of 9 months, and the sensory organ
is completely degenerated [115]. CBA/Cal mice are described
to have normal EP and excellent hearing for a large portion of
their lifespan. Nevertheless, they display a remarkable accel-
eration of ARHL when repeatedly exposed to “benign” noise
during their lifespan [116, 117]. By contrast, 129/SvEv mice
are exceptionally resistant to noise-induced hearing loss [118],
but preexisting anomalies in substrains of 129/Sv] mice pre-
dispose the ear to degenerate prematurely when interacting
with K* channel deletion [118]. Finally, ROS-induced activa-
tion of DNA damage in senescence-accelerated mouse-prone
8 (SAMPS) mice are discussed as the driver for ARHL [119].
ROS can be induced in the ear by exposure to moderate,
nevertheless harmful, acoustic noise [120, 121] causing an
accumulation of toxic noise events throughout lifetime
(reviewed in [122]). We have to assume that even the early
loss of synaptic contacts between sensory hair cells and SGNs
or synaptopathy [17] can be traced back to cumulative
excitotoxic injury events [123], the largest source of which
is likely to be noise exposure [124, 125].

One of the earliest events following metabolic limitations
during noise exposure is the impairment of membrane surface
expression of distinct K™ channels in the cochlea, a process
that is here suggested to have a pivotal role in ARHL. Both
Ky7.4 (KCNQ4) and BK (KCNMA) channels are required
for normal hearing and have been suggested to protect OHC in
cochlear regions that register high frequencies from Ca®*
overload [47, 72]. Functional loss in OHC has been linked
to the loss of Ky/7.4 in the membrane of the OHC, preceding

their degeneration in the middle- and high-frequency coding
cochlear compartments [51, 126]. The loss of BK«x led to a
similar phenotype as by pharmacological blockage of K\/7.4
channels, suggesting that a loss of the BK gene increases sus-
ceptibility for progressive ARHL, similar to KCNQ4 mutation
[26,47, 51, 78]. Consistent with that assumption, exposure to
a low-frequency, non-traumatic sound has been found to not
affect hearing sensitivity of wild-type mice, but mice with
BKa gene deletion experienced a dramatic loss of hearing
sensitivity within the stimulated low-frequency hearing range
[72]. 1t is important to note that the affected low-frequency
range was not part of the hearing range affected by accelerated
ARHL in the young unexposed BKo deficient mice, thus
confirming that the low-frequency cochlear compartments
are rendered susceptible by the absence of BK. The low-
frequency noise exposure extended the loss of KCNQ4 from
OHC towards the low-frequency cochlear compartments af-
fected by the noise exposure, confirming that the hearing loss
resulted from the absence of KCNQ4 from hair cell plasma
membrane [72]. The metabolic balance due to the fast repo-
larization of the receptor potential is a requirement for the
healthy homeostasis of hair cells. Thus, the maintenance of
KCNQ4 and BK in the OHC membrane is most critical to
counteracta Ca’" overload of hair cells, irrespective of wheth-
er induced through excitotoxic, ototoxic, or noise exposure
events, all of which are challenges that accumulate over ad-
vancing age. The activity in MOC efferent fibers contacting
OHC plays an important role to activate BK and SK2 channels
through acetylcholine release. Therefore, any reduction in
MOC efferent fibers, which were previously shown to decline
with advancing age [127], is expected to increase susceptibil-
ity to noise-induced hearing loss over age, due to reduced
potential to rapidly remove K* from OHC, as can be predicted
from various studies [34, 51, 72, 128, 129].

Furthermore, the protective role of BK channels is not lim-
ited to the hearing organ. In the mammalian central nervous
system, BK is expressed in the neuron soma, processes, and
presynaptic terminals, where it drives the membrane potential
towards the potassium equilibrium potential to re- and hyper-
polarize the neuron [130]. To study the importance of central
BK deletion in the brain, normal hearing mice are required.
Fortunately, the F1 generation of a hybrid sv129/C547/Bl6
background of mice with genetic deletion of the BK channel
has documented good hearing up to the age of 15 weeks [131],
which again confirms the multifactorial nature of BK gene
deletion-related progression of hearing disorder. Most strik-
ingly, these mice nevertheless display slower learning capac-
ity and no improvement of pre-pulse inhibition of the acoustic
startle response over days [131]. This strongly suggests that
besides the protective role of cochlear BK channels [51, 72],
they further contribute to the integrity of central neuronal cir-
cuits that are essential to process environmental auditory in-
formation. Because the top-down modulation of cochlear hair
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cells’ excitability is assumed to play a critical role in adapta-
tion to and avoiding damaging influences of environmental
changes [132-134], the centrifugal control of neuronal excit-
ability may be a major factor of K* channel-related ARHL.

SK2 (KCNN2) is expressed in OHC as a postsynaptic
marker apposing synapses of MOC efferent fibers and re-
quired for Ca®*-activated SK2 channel activation through
MOC'’s cholinergic function [135]. The number of SK2-
positive foci is remarkably reduced in mouse strains that ex-
hibit fast progression of ARHL, such as the C57BL/6J [136],
thus representing a general trait in the pathophysiological pro-
gression of ARHL. The protective role of MOC efferent fibers
during aging and noise only recently received support through
the discovery that loss of MOC efferent fibers is an early event
of ARHL [127]. We may thus conclude that loss of BK, SK2,
and KCNQA4 is likely to be early contributors to ARHL, with
their dysfunction discussed as a primary event of OHC loss
over age.

Ky7.1 (KCNQ1) is a major component of the K* circula-
tion by the stria vascularis and is responsible for the secretion
of potassium to the endolymph and maintaining the EP, to
assist motility in OHC, perform synaptic activity, and main-
tain the spontaneous and evoked activity of SGNs. The cells
of the stria vascularis contain high numbers of mitochondria
[137, 138] and Na*/K*ATPase [139, 140]. In quict-aged ger-
bils, the stria vascularis and spiral ligament showed a decrease
in Na*/K*ATPase activity in these tissues [141], as well as
degeneration of strial capillaries at both ends of the cochlear
spiral [142] and decreased blood flow [143]. In aged CBA/
Cal mice, Na*/K*ATPase expression was largely reduced,
and the stria vascularis was found to be atrophied [139].
Howeyver, it remains difficult to determine whether the lack
of blood flow or the cellular dysfunction leads to the strial
atrophy. As such, most of these studies did not specifically
analyze membrane expression patterns of KCNQ1 during stria
vascularis degeneration over age. Interestingly, 12-month-old
C57BL/6 mice displayed notable hearing loss and morpholog-
ical examination showed a significant OHC loss in the cochle-
ar basal turn accompanied by atrophy of the stria vascularis,
with immunohistochemical analysis revealing dramatically
decreased KCNJ10 and KCNQI1 expression [144]. While
these studies observed a conservation of the EP in these aging
C57BL/6 mice, and suggested that the stria vascularis can
generate a new balance for potassium influx and efflux at
relatively low turnover [144], other studies found a clear re-
quirement of adequate KCNQI recycling in marginal stria
vascularis membranes for hearing and OHC cell survival
[145]. On the whole, age-dependent decline of KCNQI1 from
the marginal surface of the stria vascularis should be urgently
reconsidered with regard to ARHL.

The expression of Ky3.1 (KCNC1) subtype b, which is
predominant in the adult rodent brain [80, 81], has been
shown to decrease in neurons of the MOC efferent system
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by middle age in CBA/CalJ mice, and these changes appeared
to correlate with functional declines in efferent activity in both
middle-aged CBA/Cal mice and Ky/3.1b knockout mice [106,
146], suggesting age-dependent decline of Ky,3.1b as a possi-
ble cause of MOC efferent decline over age [127]. Also,
C57BL/6 mice have been shown to lose sensory basal hair
cells during early adulthood progressing towards the apex
with age [147], which was linked to a concurrent decrease in
levels of Ky3.1b in brainstem neurons [106]. In Sprague-
Dawley rats, both the intensity of Ky3.1 immunostaining
and number of Ky,3.1-positive neurons have been shown to
decline with age in the cochlear nucleus [148]. Age-dependent
Kyv3.1 modifications are expected to contribute to age-
dependent temporal discrimination deficits [149]. This is par-
ticularly important when considering the special role Ky/3.1
activity displays as a modulator for fast-spiking inhibitory
PV+ interneurons, which control feedforward and feedback
inhibitory modalities [150], suggested to be essential for fast
auditory processing circuits [99]. Reduced PV expression
levels have also been found in the auditory cortex in aged
animal models [151], which implies a potential relation be-
tween the decline of Ky 3.1 expression over age and PV-
mediated processing deficits in ARHL.

Based on evidence from different animal models and from
human temporal bones, it seems likely that aging or senes-
cence alone is not necessarily a major risk factor for hearing
impairment over advancing age. Convincing evidence that
aging per se is not necessarily the main cause for ARHL
comes from geriatric cats that have normal hearing sensitivity
and auditory brainstem functions over the whole frequency
range of hearing, developing ARHL only late in their lifespan
[152]. The current evidence suggests that an accumulation of
noise events may most likely be the origin of ARHL in
humans (Fig. 2a), with excessive noise able to overstimulate
sensory hair cells and requires fast and effective K* recycling
within the inner ear. This suggests that ARHL may rather be
an accumulation of damage from minor toxic events instead of
an inevitable progressing loss of cells, structures, and the abil-
ity for regeneration.

Genetic predisposition to ARHL

The human genome contains roughly 70 K* channel-encoding
genes [153]. Many of these genes play essential roles in nor-
mal physiological processes, including those involved in hear-
ing, as evidenced by the clinical appearance of syndromic and/
or non-syndromic hearing loss with genetic variation. As
ARHL has a delayed onset and progressive nature, it is plau-
sible to hypothesize that genetic variation may directly con-
tribute to an inter-individual variability and susceptibility to
ARHL or to other indirect processes of aging such as meta-
bolic status. One way to test this is to perform statistical
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Fig. 2 a In the challenged auditory system leading to age-related hearing
loss (ARHL), the key causing factors are postulated to be lifetime noise
exposure, hereditary predisposition, and the accumulation of reactive
oxygen species (ROS). b In a healthy outer hair cell (OHC), potassium
ions (K™) enter the cell through apical mechanosensitive channels and are
then transported to the supporting cells through Ky, 7.4 (KCNQ4, green)
channels on the basolateral membrane of OHC. However, in the
challenged system, the expression of Ky7.4 is reduced, resulting in a
poor K* efflux. This state can be influenced by the addition of K*

analyses in the form of association testing to identify genetic
regions or variants, in either genes of interest or across the
entire genome, to identify associations with ARHL. This type
of analysis has not been performed for all of the genes
encoding the channels discussed in this review. However, in
the following section, we summarize the current body of ge-
netics knowledge for our selected K™ channels and make con-
nections to ARHL.

The KCNQ4 gene encodes the potassium voltage-gated
channel subfamily Q member 4 protein (Ky/7.4). Deleterious
variants in KCNQ4 cause autosomal dominant non-syndromic
hearing loss (MIM* 603537) [30]. A significant association
between KCNQ4 and ARHL has been identified by Van
Eyken et al. [154] in two independent populations.
However, except for one single nucleotide polymorphism
(SNP), i.e., SNP12 (rs2149034), different SNP spanning a
13-kb region of KCNQ4 were positively associated in both
populations. KCNQ4 was regarded by the authors as a strong
susceptibility gene for ARHL; however, replication studies
have not reproduced this observation. KCNQ4 expression in-
creases with age, supporting a hypothesis that an increased
defective protein load may lead to progressive cellular dys-
function [154, 155]. Van Laer et al. [156] also found signifi-
cant differences between individuals susceptible and resistant
to noise exposure for the allele, genotype, and haplotype fre-
quencies for a KCNQO4 SNP (rs34287852). A genome-wide
association study (GWAS) meta-analysis from the Cohorts for
Heart and Aging Research in Genomic Epidemiology or
CHARGE Consortium was performed with the aim to identify
genetic factors associated with overall mortality and healthy
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channel modulators (green circle) in a way where cell surface
expression remains stable but the efflux rate can be increased. ¢ In fast-
spiking, parvalbumin-positive interneurons, Ky3.1 (KCNCI, red) is
required for the high-frequency repetitive firing. A decline in Ky;3.1 cell
surface expression leads to an incapacity of neurons to maintain
high-frequency firing action potentials. Modulators that bind to Ky3.1
(red circle) may lower action potential latencies and duration and increase
the firing pattern of these neurons

longevity [157]. This study identified 14 independent SNP
that predicted risk of death and eight that predicted healthy
longevity. Several of these SNP were located either in or near
genes that are involved in neurological processes. A KCNQ4
SNP (1s2769255) was significantly associated with both mor-
tality and healthy longevity and is located approximately
4.4 kb upstream from the gene. The enrichment of SNP, either
in or adjacent to genes involved in neurological processes,
suggests the importance of these genes in regulating healthy
aging and longevity.

The KCNQI gene encodes the potassium voltage-gated
channel subfamily Q member 1 protein (Ky/7.1). KCNQ]I var-
iants have been associated with long QT syndrome, short QT
syndrome, atrial fibrillation, and Jarvell and Lange-Nielsen
syndrome (MIM* 607542) [158]. The same study by Van
Laer et al. [156] also found one significant difference between
noise susceptible and resistant individuals in one KCNQ!
SNP (rs163171). The most interesting literature linking
KCNQI to ARHL comes from the diabetes field, which con-
stitutes a risk factor for ARHL [21]. With respect to a broader
biological context, KCNQI 1is also expressed in the heart,
stomach, intestine, liver, kidney, and insulin-producing cells
[159, 160]. Several GWAS have uncovered many indepen-
dent intronic regions in KCNQ! that harbor type 2 diabetes
mellitus risk alleles (rs231362, rs2283228, rs2237892,
rs2237895, and rs2237897) in Europeans, East Asians, and
Native Americans [161-164]. It is unclear if the SNP exert a
functional effect and whether this would involve KCNQ! or
the neighboring genes, KCNQIOTI, or CDKNIC, a known
regulator of pancreatic beta-cell development [163]. Neither
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Kcngl null mice nor patients with deleterious variants show
impaired hyperglycemia or glucose intolerance; therefore, it is
thought that an increase in expression in pancreatic beta-cells
may be linked to the development of type 2 diabetes [163].
Interestingly, KCNQI resides on chromosome 11p15.5, a ma-
ternally imprinted region [161]. This means that maternally
inherited variants in this imprinted region confer disease risk.
There is compelling evidence that diabetes risk at the KCNQ1
locus is medicated through a gene with imprinted gene expres-
sion that may be mediated by KCNQ! or neighboring genes
(KCNQIOTI or CDKNIC) [165]. The confirmation of so-
called parent-of-origin effects that have been identified in ev-
ery organ system of the human body so far except the auditory
system would fundamentally re-shape the way the genomics
field views genetic contributors of ARHL [166].

The KCNMA1 (BK), KCNN2 (SK2), and KCNCI (Ky3.1)
genes presently do not have compelling evidence linking them
to ARHL, but several already have gene-disease associations.
The KCNMA1 gene encodes the potassium calcium-activated
channel subfamily M alpha 1 protein (BK). Deleterious
KCNMA1 variants are associated with paroxysmal
nonkinesigenic dyskinesia with or without generalized epilep-
sy, Liang-Wang syndrome and cerebellar atrophy (MIM*
600150). Although no current genetic-based studies linking
KCNMA1 SNP to presbycusis and aging exist, BK channels
appear to be sensitive to oxidative stress [167]. The KCNN2
gene encodes the potassium calcium-activated channel sub-
family N member 2 protein (SK2) and is currently not associ-
ated with any human phenotypes. The SK channel has been
linked to neuroprotection in the form of mitochondrial resil-
ience against neuronal death [168]. SK channels may involve
attenuation of mitochondrial calcium uptake upon SK channel
activation. Mitochondrial activation calcium uptake across the
mitochondrial membrane is essential for the numerous
calcium-sensitive processes required for mitochondrial metab-
olism and respiration [169]. Oxidative stress in neurons leads
to a series of detrimental effects such as intracellular calcium
overload that induces changes in mitochondrial metabolism
such as alterations in ATP synthesis and NADP(H) oxidation
that lead to an increase in ROS [168, 170]. Finally, the
KCNCI gene encodes the potassium voltage-gated channel
subfamily C member 1 protein (Ky/3.1). It has been associated
with autosomal-dominant progressive myoclonic epilepsy
(MIM* 176258) [171] and intellectual disability without sei-
zure or epilepsy [172].

On the whole, the current literature lacks conclusive human
genetic evidence to link ARHL and KCNQI (Ky7.1),
KCNMA1 (BK), KCNN2 (SK2), and KCNC! (Ky3.1), but
contains limited information to link it to KCNQO4 (Ky/7.4).
These genes are still intriguing due to possible gene-
environment interactions in processes such as aging and me-
tabolism that are presently unknown (Fig. 2a). ARHL is a
complex disorder with environmental, e.g., noise exposure,

@ Springer

and genetic factors. Twin studies for ARHL have estimated
the heritability of ARHL, or importance of a genetic compo-
nent in a disease [154] and found that twin similarity of mono-
zygotic twins decreased with age and dizygotic twins in-
creased with age [173]. This suggests that environmental fac-
tors may become more prominent with age. Of note, SNP in
K* channel genes have not been noted with significance in the
more recent large-scale genomics studies [174, 175].
However, if K* channel genetic targets are identified with
future ongoing studies, they have the potential to make excel-
lent therapeutic targets.

K" channels as therapeutic targets
against ARHL

Having given a comprehensive view about the role select po-
tassium channels play in the cochlea and the ascending audi-
tory pathway for ARHL in the context of noise exposure and
genetic predispositions, we may next illuminate therapeutic
intervention strategies with a potential to prevent or repair
hearing dysfunction as future ARHL therapies. Provided that
noise exposure, age-related synaptopathies and neuropathies,
and cardiovascular risk factors are major contributors of
ARHL [8, 14, 21], substantial evidence points to oxygen me-
tabolism as one of the main culprits for K* channel dysfunc-
tions with aging given that these dysfunctions are not only
based on channel mutations. Numerous studies evidenced that
ROS increases with age [176] and by statistical probability
alone preferentially affects K™ channels (Fig. 2a). The extreme
genetic heterogeneity and functional diversity of K* channels
are unparalleled to that of other types of channels [23]. ROS
can indirectly modulate K* channel function by acting on
cellular pathways that regulate gene transcription, trafficking,
turnover, and proteasomal degradation [177]. On the other
hand, direct age-related oxidation of particular voltage-
dependent K* channels that include the aforementioned Ky,7
channels, Ca**-activated BK and SK2, and Ky3.1 underlie a
specific type of neuronal aging [23]. In the auditory system,
several lines of evidence hint to the importance of these chan-
nels with respect to ARHL as discussed above.

KCNQ genes have a considerable physiological impact in
many cell types. This reliance upon K,7 channels for normal
cellular function is evident by hereditary disorders caused by
mutations in KCNQ genes, meaning that pharmacological
targeting of these channels has broad appeal. Consequently,
a plethora of chemical entities that modulate K7 channel
activity has been developed. Moreover, Ky/7 channels are in-
fluenced by many disparate intracellular mediators and traf-
ficking processes, making upstream targeting an appealing
prospect for therapeutic development to overcome deficits
related to these channels [178]. Until now, however, modula-
tion of Ky7 channels has been recognized mainly as a
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potential to prevent neurodegenerative disorders linked to ep-
ilepsy and cognitive deficits [179]. Although efforts have not
reached ARHL, pharmacological approaches in trials
targeting Ky,7.2 to Ky/7.5 channels with the novel antiepileptic
drug retigabine (or ezogabine) have been used to overcome
hearing loss [180, 181]. Retigabine increases the proba-
bility of opening these Ky7 channels upon causing a
negative 15-mV leftward shift in the voltage-
dependence of activation and a decrease in the rate of
deactivation (Fig. 2b) [178, 182—184].

Given a hereditary origin of progressive hearing loss
through KCNQ4 dysfunction, as it occurs in DFNA2 non-
syndromic autosomal-dominant progressive high-frequency
hearing loss [155, 157], genetic therapeutic approaches have
been envisioned, e.g., those following heterologic expression
of wild-type channels that could be combined with Ky,7 chan-
nel openers such as retigabine [181]. Correspondingly,
retigabine has already proven successful to rescue hearing
deficits in Korean families with co-segregating KCNQ4 path-
ogenic variants [180]. Also, a combination of zinc pyrithione
plus retigabine has been used in Chinese hamster ovary cells
either transfected with wild-type Kcng4 sequences or ones
containing variants that encode mutated channels, evidencing
a restoration of channel function that was dependent on the
location of the DFNA2 mutation within the gene [185]. This
further provides an interesting approach to rescue progressive
ARHL linked with mutations of KCNQ genes on the person-
alized medicine level.

Undoubtedly, Ky7.1 (KCNQ1) expression decreases with
advancing age in the stria vascularis [144], but, as previously
highlighted, it may only contribute to ARHL in a secondary
manner [14]. Hormone changes may be considered as contrib-
utors to the decline of Ky/7.1 surface expression loss in the
stria vascularis with age. Thus, throughout the lifespan, the
steroid hormone estrogen (173-oestradiol, E2) declines with
age in females [186]. Estrogen decline has been suggested to
induce Ky7.1 dysfunction through changes in estrogen-
dependent control of its internalization from the plasma mem-
brane by a clathrin-mediated endocytosis process [187].
Estrogen has been shown to modulate the association between
Ky 7.1 and the clathrin adaptor AP-2, required for endocytosis,
rather than degrading the ion channel, and a biphasic
recycling mechanism involving Rab4 and Rabll is in-
volved in this process, as shown in colon epithelium
[187]. Modulators of Ky/7.1 may thus contribute to
overcome postmenopausal-related hearing loss reported
to occur with aging [188].

Within this context, it may be interesting to note that a
spatio-temporal correlation of the loss of KCNQI1 and
KCNEI] surface expression and loss of hearing thresholds
has been reported following loss of proteins involved in
KCNQI1 recycling, such as SCARB2 [145]. Human
SCARB2 is a key regulator of lysosome integrity, motility,

and dynamics, and its loss has been shown to cause rupture of
lysosome membranes and significantly shortened lifespan
[189]. This may suggest any disturbance of proper
membrane recycling or insufficient targeting of
KCNQI1 and KCNEI1 in the stria vascularis, might be
a possible rationale for ARHL [190], and renders lyso-
somal enzymes that stimulate trafficking as potential
candidates for targeting ARHL [191].

The Ca’*-activated channels BK (KCNMA1) and SK2
(KCNN2) play an important role in noise-induced ARHL,
counteracting noise-induced hyperpolarization of OHC.
These may be particularly sensitive for age-dependent ROS
damage, being both susceptible to redox modifications [23,
192]. The noise-induced rise in Ca** in OHC (i.e., Ca®* over-
load) is expected to induce slow cellular after-
hyperpolarizations for SK2 and fast ones for BK channels,
both possibly contributing to the prevention of noise damage
to OHC [34]. Within this context, the specific role of BK in
IHCs, shown to rapidly and robustly shape IHC receptor po-
tential [193], needs to be considered. An oligonucleotide an-
tisense against SK channels was shown to compensate an age-
related memory decline in mice, resulting from ROS-induced
modification of SK channel function [194, 195], providing
viral-mediated expression of SK2 channel as a potential
means to target its deficits with advancing age. For BK chan-
nels, specific blockers have been shown to counteract the neg-
ative redox effects in the brain, indicating that ROS-signaling
on BK channels leads more to active, rather than inactive,
channels [196]. This would expectedly lead to reduced neu-
ronal excitability of hair cells, through upregulation of K*
channel activities as a hallmark of the aging process. This
hypothesis for the aging cochlea awaits further studies and
requires reflection in the context of age-dependent deficits of
fast auditory processing [197, 198].

A-type voltage-gated potassium (Ky) channels, to which
the Ky3.1 (KCNCI1) channel belongs, are sensitive for age-
dependent ROS changes [199], resulting through oxidation of
channels in slowed inactivation and increased open channel
currents, modifications that would dampen neuronal excitabil-
ity as shown for the hippocampus [200, 201]. Ky/3.1 has not
only been shown as important for sustained temporally accu-
rate firing, being susceptible to deprivation, but also to its
deficits partially restored in animals by the compound
AUTO00063 (Fig. 2¢) [197]. AUT00063 has also been shown
to improve auditory synchronization and support more accu-
rate decoding of temporal sound features in the inferior
colliculus and auditory cortex in adult mice with a near-
complete loss of auditory nerve afferent synapses in the con-
tralateral ear [197], rendering Ky,3.1 modulators an attractive
candidate for pharmaceutical targeting against fast auditory
processing deficits due to ARHL. Furthermore, antidepres-
sants, such as p11, have been shown to control Ky,3.1 expres-
sion level and intracellular localization in PV+ interneurons of
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the hippocampus [202]. With reduced Ky3.1 levels, the ca-
pacity of PV+ interneurons to adapt to high-frequency firing is
abolished [202], underscoring the crucial role that sustained
expression levels of Ky3.1 may have over age for preserving
temporal auditory processing and speech discrimination.
Importantly, the high metabolic vulnerability of particular
PV+ interneuron synapses [203] should be reconsidered in
the context of required sustained Kv/3.1 channels for its proper
function in the ascending auditory pathway. Ky3.1 channel
modulators have recently been shown to enable faster activat-
ing kinetics and increase firing frequency in fast-spiking
GABAergic interneurons [204, 205]. This renders these mod-
ulators as promising candidate pharmaceutical drugs to over-
come ARHL, with a potential to improve speech in
noise deficits, especially with regard to the reconsidered
role that maintained PV+ interneuron-mediated
feedforward and feedback circuits have in fast auditory
processing [99].

Outlook

In humans, the classification of various presbycusis profiles
over age is manifold, but despite profound heterogeneity,
most of the presbycusis profiles are characterized by a domi-
nant loss of sensitivity to high-frequency tones [206].
Therefore, loss of auditory sensory function with age must
be classified by the probable excessive noise exposure as a
main contributor [14]. The current review suggests that noise-
induced overstimulation of sensory hair cells and neurons
most critically depends on fast and effective K* recycling in
the cochlea, including sustained fast auditory processing that
may be required for Ky/3.1-driven, fast PV+ interneuron func-
tion over age. Pharmaceutical targeting of K* channels to
enable fast recycling through stimulators, modulators, or acti-
vators has future potential to arrest or even prevent ARHL
before the inevitable progression of loss of cells, structures,
and degeneration.

An important caveat to consider with respect to different
functional consequences of oxidation for the reviewed K*
channels is the rationale against considering therapies based
on generic anti-oxidants for the treatment of ARHL. Modes of
interventions aimed at targeting more specific channel pro-
teins or distinctly responsible ROS species, which is not a
simple task, may be more likely to succeed. The ability to
pharmacologically separate the impact of individual K* chan-
nel subunits needs further refinement, beginning with existing
compounds and reinforcement with molecular interference
techniques.

Although many clinicians inform patients that ARHL can-
not be prevented, animal model studies provide insight and
future prospects for clinical trials and even clinical interven-
tions to prevent or slow the progression of ARHL.
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Age-related hearing loss (ARHL) is the most common sensory deficit in aging
society, which is accompanied by increased speech discrimination difficulties in noisy
environments, social isolation, and cognitive decline. The audiometric degree of ARHL
is largely correlated with sensory hair cell loss in addition to age-related factors not
captured by histopathological analysis of the human cochlea. Previous studies have
identified the senescence-accelerated mouse prone strain 8 (SAMP8) as a model
for studying ARHL and age-related modifications of the cochlear redox environment.
However, the SAMP8 population exhibits a large variability in auditory function decline
over age, whose underlying cause remains unknown. In this study, we analyzed auditory
function of SAMP8 mice by measuring auditory brainstem response (ABR) thresholds at
the age of 6 weeks (juvenile), 12 weeks (young adult), and 24 weeks (adult). Consistent
with previous studies, SAMP8 mice exhibit an early progressive, age-related decline
of hearing acuity. However, a spatiotemporal cytohistological analysis showed that
the significant increase in threshold variability was not concurrently reflected in outer
hair cell (OHC) loss observed in the lower and upper quartiles of the ABR threshold
distributions over age. This functional loss was found to precede OHC loss suggesting
that age-related phenotypic changes may be contributing factors not represented in
cytohistological analysis. The expression of potassium channels KCNQ4 (Ky7.4), which
mediates the current I , crucial for the maintenance of OHC membrane potential, and
KCNQ1 (Ky7.1), which is an essential component in potassium circulation and secretion
into the endolymph generating the endocochlear potential, showed differences between
these quartiles and age groups. This suggests that phenotypic changes in OHCs or the
stria vascularis due to variable oxidative deficiencies in individual mice may be predictors
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of the observed threshold variability in SAMP8 mice and their progressive ARHL. In future
studies, further phenotypic predictors affected by accumulated metabolic challenges
over age need to be investigated as potentially underlying causes of ARHL preceding
irreversible OHC loss in the SAMP8 mouse model.

Keywords: SAMP8 strain, age-related hearing loss, auditory brainstem response, cytocochleogram, KCNQ4

(Kv7.4), KCNQ1 (Kv7.1)

INTRODUCTION

Age-related hearing loss (ARHL), or presbycusis, is the most
common sensory impairment (Bowl and Dawson, 2019).
According to the comprehensive Global Burden of Disease study,
hearing loss is the third most common cause of years lived with
disability, with ARHL ascertained as the leading impairment
in the population older than 70 years (GBD Hearing Loss
Collaborators, 2021). ARHL typically presents as a decline in
hearing ability with aging that is symmetrical and pronounced
in the high frequencies. There is considerable variation in the
age of onset, the grade of hearing loss, and the progression
of the disease (Merchant and Nadol, 2010). Age-dependent
loss of hearing sensitivity is accompanied by reduced speech
discrimination, decelerated central processing, and impaired
sound localization (Frisina and Frisina, 1997; Frisina, 2001;
Merchant and Nadol, 2010). Although this condition is not
considered life-threatening, it can significantly degrade the
quality of life and is associated with psychological and medical
morbidity, including social isolation, depression, and cognitive
decline (Lin et al., 2011a, 2013; Kamil et al., 2016; Goman and
Lin, 2018; Rutherford et al., 2018; Bowl and Dawson, 2019;
GBD Hearing Loss Collaborators, 2021).

ARHL has been suggested to result from age-related cochlear
degeneration caused by cumulative environmental effects in
industrialized societies, such as noise exposure, which are not
present in ethnologically isolated populations (Hilke and Plester,
1955; Rosen et al., 1962, 1964). Controlling for population-
specific genetic factors, true or intrinsic presbycusis was
demonstrated in other non-industrial populations (Goycoolea
et al., 1986). This supports observations that ARHL develops
from the multifactorial interaction of environmental, monogenic,
or polygenic factors that shape a complex disease situation
(Van Eyken et al, 2007; Vuckovic et al., 2018). The classic
human pathophysiological model of ARHL, also known as
Schuknecht’s typology (Ohlemiller, 2004), is derived from studies
of audiometric tests and serial histological sections of post-
mortem human temporal bones over a span of more than five
decades (Schuknecht, 1955, 1964, 1974, 1993; Schuknecht and
Gacek, 1993; Merchant and Nadol, 2010). According to this
model, ARHL has been classified into sensory, strial, and neural
presbycusis, or combinations thereof which are termed mixed
presbycusis or an indeterminate type (Merchant and Nadol,
2010). A recent, modified re-analysis of human temporal bones
from the same archival temporal bone collection showed that
the degree of ARHL is best predicted by the loss of outer hair
cells (OHCs) and inner hair cells (IHCs), strongly suggesting
sensory presbycusis as the predominant type of ARHL in humans

(Wu et al., 2020). This quantitative re-analysis of serial sections
confirmed earlier findings using microdissected sensory epithelia
that were analyzed using the surface specimen technique to
generate cytocochleograms of the human cochlea (Engstrom
et al., 1966). This technique demonstrated similar degeneration
patterns of OHCs and IHCs pursuant to ARHL (Bredberg, 1968).
However, in addition to sensory hair cell loss, it is proposed that
other age-related detrimental effects causing phenotypic change
of surviving hair cells can contribute to ARHL and which remain
unexplained (Wu et al., 2020).

Increasing evidence proposes oxidative stress as one of
the major risk factors for ARHL (Menardo et al, 2012; Han
and Someya, 2013; Benkafadar et al., 2019). Oxidative stress
refers to the imbalance between cellular production of reactive
oxygen species (ROS) and antioxidant defenses (Halliwell,
1992). It can result in cell damage by oxidization of cellular
components such as membrane lipids, proteins, and DNA
(Serrano and Klann, 2004). Accumulation of ROS production
and impaired antioxidant defense systems, e.g., due to aging
stress or following noise overstimulation, are implicated to cause
cellular dysfunction such as lipid peroxidation and enzyme
inactivation, leading to permanent apoptotic cell degeneration
and hence initiating the process of cochlear senescence (Harman,
1956; Beckman and Ames, 1998; Baker and Staecker, 2012;
Fujimoto and Yamasoba, 2019). ROS-mediated modification
of ion channels can also alter the activity of other signaling
mechanisms leading to changes in channel activity or channel
gene expression (Matalon et al., 2003). ROS overproduction
can, therefore, metabolically stress the cochlea and induce
mitochondrial dysfunction and an associated decrease of energy
production (Balaban et al., 2005; Henderson et al., 2006; Lin
and Beal, 2006). Consequently, sensitive stages that require high
energy supply, e.g., potassium ion (K™) channels, can be severely
challenged by the accumulation of ROS.

K™ channels are critically dependent on continuous recycling
processes for proper membrane expression, suggesting them
as one of the primary targets of ROS accumulation (Peixoto
Pinheiro et al., 2020). In the inner ear, physiological functions
of various KT channels involve the adjustment of the resting
potential, shaping the responses of sensory hair cells and neurons
(Housley and Ashmore, 1992; Santos-Sacchi, 1993; Kros et al,,
1998), synaptic inhibition in hair cells (Fuchs and Murrow, 1992;
Oliver et al, 2000), and the generation of the endocochlear
potential (EP) by the stria vascularis (SV) establishing a high K*
concentration in the endolymph (Wangemann, 2002). A number
of KT channels, including voltage-gated (Ky) channels, have been
shown to be modified both in vivo and in vitro by oxidants
(Ruppersberg et al., 1991; Cai and Sesti, 2009). Interventions
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intended to either increase antioxidant activity or decrease ROS
production could, therefore, be effective therapeutic approaches
to prevent or decelerate ARHL. In this endeavor, animal models
have been used to investigate whether restoration of normal ROS
balance with antioxidants may have therapeutic value (Ohinata
et al., 2003; Hamernik et al., 2008; Fetoni et al., 2009; Fujimoto
and Yamasoba, 2019). For example, a recent study showed
that treatment with a synthetic superoxide dismutase/catalase-
induced mitigation of excessive ROS could prevent accelerated
ARHL and sensory hair cell loss in the senescence-accelerated
mouse prone strain 8 (SAMP8) (Benkafadar et al., 2019), a
mouse model which has been introduced for studying the
pathophysiology of senescence in different systems.

The SAMP8 is a mouse strain established through phenotypic
selection toward accelerated senescence from the AKR/J strain
(Takeda et al., 1981). SAMP8 mice have been identified as
a suitable model to study age-dependent disorders including
senile amyloidosis, osteoporosis, cataracts, and brain atrophies
(Akiguchi et al., 2017; Karuppagounder et al., 2017; Folch et al,,
2018; Grinan-Ferre et al., 2018). Furthermore, the SAMPS strain
has previously shown to exhibit an early age-dependent hearing
loss (Marie et al., 2017) associated with sensory, neural, and strial
degeneration, which were primarily linked to oxidative stress
(Menardo et al., 2012; Fujimoto and Yamasoba, 2014; Benkafadar
et al, 2019). The premature SAMP8 senescence causing early
presbycusis was linked to altered levels of antioxidant enzymes
and decreased activity of complexes I, II, and IV, which in
turn lead to chronic inflammation and triggering of apoptotic
cell death pathways (Menardo et al, 2012). Even before the
premature onset of hearing loss, SAMP8 cochleae already
displayed an early increase in ROS levels and downregulation
of antioxidant enzymes (Menardo et al, 2012; Benkafadar
et al,, 2019). The rapidly aging SAMP8 strain may provide a
useful model for studying the effects of aging on biological
processes, especially regarding ARHL pathophysiology. However,
the SAMP8 population exhibits a large variability in their age-
related decline of auditory function. The extent of this functional
variability and the underlying cellular degeneration pattern have
thus far not been systematically studied.

In the present study, the auditory function of SAMP8 mice was
analyzed at the age of 6 weeks (juvenile), 12 weeks (young adult),
and 24 weeks (adult; Wang et al., 2020) by measuring auditory
brainstem response (ABR) thresholds. We observed a bifurcation
into two subgroups, i.e., in lower and upper quartiles with
respect to different progressions of age-related ABR threshold
increase. We investigated the variability in auditory function
by contrasting these two classifications in a spatiotemporal
histological analysis. For each age group and subgroup,
cytocochleograms were created, which cartographically represent
the number of OHCs and IHCs along the cochlear length
(Viberg and Canlon, 2004; Miiller et al., 2005; Carignano et al,,
2019). A frequency-place map was used to correlate functional
changes measured by the ABR to morphological insults in
the organ of Corti (OC). Here, OHC loss observed over age
could not explain threshold variability within the age groups.
Therefore, cochlear cross-sections were analyzed for membrane
expression of KCNQ4 (Ky7.4) and KCNQ1 (Ky7.1). KCNQ4

is a KT channel expressed in the basal pole of mature OHCs
and is responsible for their resting potential and Ik, current
(Housley and Ashmore, 1992; Santos-Sacchi, 1993; Kros et al.,
1998), which is critical for OHC function (Jentsch, 2000a,b;
Kharkovets et al., 2006; Gao et al., 2013; Carignano et al., 2019).
And KCNQ1 is expressed in marginal cells of the SV where
it mediates the slow delayed rectifier current Ix (Barhanin
et al., 1996; Sanguinetti et al., 1996; Neyroud et al., 1997; Shen
and Marcus, 1998) and forms an essential component in K*
circulation and secretion into the endolymph, generating the EP.
We hypothesize that diminished levels of KCNQ4 and KCNQ1
constitute possible candidates for phenotypic change preceding
OHC apoptosis, which may account for the observed auditory
threshold variability in SAMP8 mice.

MATERIALS AND METHODS

Animals and Experimental Design
Senescence-accelerated mouse prone strain 8/TaHsd mice of
either sex were acquired from Envigo (Horst, Netherlands) at
an age of 30 days and allowed to acclimatize for 7 days in
an in-house animal facility. They were held in groups of one
(only aggressive males) to five animals in a standard macrolon
polycarbonate housing and were maintained on a 12-h light-
dark cycle with access to food and water ad libitum. All animals
were handled and housed according to the German (TierSchG)
and European Union (directive 2010/63/EU) guidelines for
the protection of animals used for experimental purposes, as
reviewed and approved by the veterinary care unit of the
University of Tiibingen and by the regional Animal Care and
Ethics Committee (Regierungsprasidium Tibingen).

The experimental design consisted of two cohorts of SAMP8
mice. In a reference cohort of 84 animals, ABR thresholds were
collected from accumulated control groups that were divided into
three age groups: juvenile (average age of 6 weeks), young adult
(average age of 12 weeks), and adult (average age of 24 weeks).
This cohort served as a reference for age-dependent development
of ABR threshold distributions.

In the experimental cohort of 46 animals, ABR thresholds
were measured for each age group (juvenile, young adult, or
adult) and compared to the interquartile range (between the
25th and 75th percentile) of the age-respective distribution in the
reference cohort. In order to correlate functional ABR threshold
distributions with significant cellular changes in a cytohistologic
analysis, mice were selected based on ABR thresholds below the
25th percentile (lower quartile) and above the 75th percentile
(upper quartile). Following this classification for each age group,
three (to four) mice from the lower or upper quartile of the
respective reference cohort were sacrificed and their cochleae
extracted for histologic analysis, with one cochlea used for
the generation of cytocochleograms from surface whole-mount
preparations and the other for cross-sectional analysis. In this
experimental cohort, the total of 46 mice only underwent ABR
measurements and 22 mice met the selection criteria and were
thus included for histological analysis. An overview of the
experimental design is shown in Figure 1.
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Auditory Brainstem Response

Auditory brainstem response was recorded in response to pure-
tones at frequencies 2.0-45.2 kHz in 2 steps per octave, with
a duration of 3 ms and 1 ms rise and fall times. Stimuli were
presented at levels 10-100 dB SPL in 3 dB steps in alternating
condensation and rarefaction polarities. A multi-function I/O-
card (National Instruments, Austin, TX, United States) was used
to generate the stimulus waveforms and record the ABR signal.
Acoustic stimuli were delivered in a calibrated open-field system
using a dynamic loudspeaker placed lateral to the respective
auricle of the animal. The sound pressure level was calibrated
before each measurement block using a microphone probe (Briiel
& Kjaer Types 4939 and 2670, Neerum, Denmark) placed near
the entrance of the external auditory canal in line with the
loudspeaker at 90° incidence. The ABR signal was recorded using
a differential amplifier between silver-wire electrodes inserted
subcutaneously on the vertex (positive terminal), on the mastoid
of the respective ear (negative terminal) and on the back
(ground), with a gain of 80 dB. Signals were filtered between
100 Hz and 5 kHz using sixth-order Butterworth low- and high-
pass filters and then processed by the Audiology Lab software
(Otoconsult, Frankfurt am Main, Germany) after analog-to-
digital conversion at 50 kHz sampling frequency. ABR recordings
were conducted in a soundproof chamber (IAC Acoustics,
Niederkriichten, Germany). ABR thresholds are defined as the
sound pressure level at which a stimulus-related response was
clearly identified by visual inspection of the ABR signal averaged
from 128 stimulus repetitions for each polarity.

All animals were anesthetized during the ABR measurement
by intraperitoneal injection of 0.05 mg/kg fentanyl (Fentadon,
Dechra, Aulendorf, Germany), 0.5 mg/kg medetomidine
hydrochloride (Dormilan, alfavet, Neumiinster, Germany) and
2.5 mg/kg midazolam (Hameln Pharma plus GmbH, Hameln,
Germany). To preserve eye moisture, an ointment (Bepanthen,
Bayer AG, Leverkusen, Germany) was applied. Over the course
of the measurement, electrocardiography was monitored and the

SAMP8 ABR histology
lower quartile whole mount
quartile '—cross-section
juvenile \"4
young acu NN
adult

I 1 1 1 >
F >

6 12 24 age (wk)

FIGURE 1 | Schematic representation of the experimental design. Auditory
function over age was assessed in SAMP8 mice by determining auditory
brainstem response (ABR) thresholds for each age group: juvenile (6 weeks),
young adult (12 weeks), and adult (24 weeks). ABR thresholds were
compared with respective reference distributions from accumulated controls
for each age group (reference cohort), and then allocated to the lower
(generally below the 25th percentile) or upper (generally above the 75th
percentile) quartiles. Following this, mice in the lower or upper quartiles were
sacrificed and their cochleae extracted for histology, using one cochlea for
whole-mount and the other for cross-section analysis. This study included a
total of 22 mice (out of 46 measured).

animals were placed on a heating blanket to maintain their body
temperature at approximately 37°C.

Histology

After the ABR measurement and allocation to the lower or upper
quartile of the respective reference cohort, pre-anesthetized
mice were sacrificed by intracardial injection of 600 mg/kg
pentobarbital-natrium  (Narcoren, Boehringer Ingelheim,
Ingelheim am Rhein, Germany) followed by decapitation.
Temporal bones were subsequently removed and the cochleae
isolated, with one cochlea used for whole-mount and the other
for cross-section analysis.

Cochlear Whole-Mount Preparation

To generate cochlear whole-mount preparations, temporal bones
were dissected on ice, perfused with 4% formaldehyde and
decalcified in 0.2 M EDTA for 27 h at 4°C. Once decalcification
was completed, dissection of the cochlear sensory epithelium,
i.e., the OC, was performed under a stereo microscope (Zeiss
Stemi 200-C, Oberkochen, Germany). For OC extraction, the
bony labyrinth was removed, followed by a detachment of the
SV and a separation of the sensory epithelium from the spiral
ganglion. The OC was divided into three segments designated as
apical, middle, and basal segments. The three segments for each
cochlea were transferred into one well of a 48-well plate filled with
500 pl of PBS.

For fluorescence and immunofluorescence labeling, the
prepared whole-mount preparations were permeabilized using
0.2% Triton X-100 in PBS for 20 min at room temperature and
immersed in a blocking buffer containing 0.2% Triton X-100
in PBS and 1% normal donkey serum (NDS) for 30 min at
room temperature. Whole-mount preparations were incubated
with anti-Myosin VIIa (1:400, rabbit, Developmental Studies
Hybridoma Bank, Iowa City, IA, United States) and anti-
CtBP2 (1:200, monoclonal mouse, BD Biosciences, San Jose,
CA, United States) antibodies and visualized with an Alexa 488-
conjugated anti-rabbit secondary antibody (1:400, Invitrogen,
Paisley, United Kingdom) and an Alexa 647-conjugated anti-
mouse secondary antibody (1:400, Invitrogen). All antibodies
were diluted in PBS that had been supplemented with 0.2% Triton
X-100 and 0.5% NDS. For nuclear and F-actin fluorescence
staining, samples were incubated for 20 min at room temperature
in DAPT (1:100, Sigma-Aldrich, St. Louis, MO, United States)
and Phalloidin 568 (1:400, Invitrogen) and coverslipped using
FluorSave mounting medium (Calbiochem, Merck, Darmstadt,
Germany). Immunolabelled whole-mount preparations divided
into apical, middle, and basal segments were imaged at
10x magnification using an epifluorescence microscope (Zeiss
Axioplan 2 with an ApoTome.2 unit).

Cochlear Cross-Sections

For generation of cochlear cross-sections, isolated cochleae were
fixed by immersion in 2% paraformaldehyde and 125 mM sucrose
in 100 mM PBS (pH 7.4) for 2 h. After fixation, cochleae
were decalcified for 45 min in RDO rapid decalcifier (Apex
Engineering Products Corporation, Aurora, IL, United States).
Cochleae were stored overnight at 4°C in 25% Sucrose-HanK’s
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solution and, on the following day, embedded in Tissue-tek
(Sakura Finetek, AV, Netherlands). After embedding, cochleae
were cryosectioned at 12 pm and mounted on SuperFrost Plus
microscope slides (Thermo Fisher Scientific, Waltham, MA,
United States) before storage at —20°C.

For fluorescence and immunofluorescence labeling of
KCNQ4, microscope slides with mounted cochlear sections
were permeabilized in 0.1% Triton-X 100 in PBS for 10 min
and incubated for 30 min in a humidified chamber in blocking
buffer containing 1% BSA in PBS. Cochlear sections were
stained with antibodies against prestin (1:3000, rabbit, Squarix,
Berlin, Germany) and KCNQ4 (1:50, mouse, StressMarq,
Victoria, BC, Canada). For labeling of KCNQI, microscope
slides with mounted cochlear sections were permeabilized
in 0.5% Triton-X 100 in PBS for 10 min and incubated for
30 min in blocking solution containing 4% normal goat serum
(NGS) in PBS. Cochlear sections were stained with antibodies
against KCNQ1 (1:200, rabbit, Alomone Labs, Jerusalem, Israel)
and KCNJ10 (Kj4.1, 1:50, mouse, Sigma-Aldrich). To detect
primary antibodies, Cy3 anti-rabbit (1:1500, Jackson Immuno
Research Laboratories, West Grove, PA, United States) and
Alexa477-conjugated anti-mouse secondary antibodies (1:500,
Invitrogen) were used. Antibodies against prestin, KCNQ4,
and corresponding secondary antibodies were diluted in 0.5%
BSA in PBS, whereas antibodies against KCNQ1, KCNJ10, and
corresponding secondary antibodies were diluted in a reaction
buffer containing 0.1% Triton-X 100 in PBS, 2% NaCl, and NGS.
For nuclear staining, Vectashield mounting medium with DAPI
(Vector Laboratories, Burlingame, CA, United States) was used
to mount microscope slides with cochlear sections.

Sections were viewed using an Olympus BX61 microscope
(Olympus, Hamburg, Germany) equipped with epifluorescence
illumination and analyzed with cellSens Dimension software
(OSIS GmbH, Miinster, Germany). To increase spatial resolution,
slices were imaged over a distance of 15 pm within an image-
stack along the z-axis (z-stack) followed by three-dimensional
deconvolution using cellSens Dimension’s built-in algorithm.

Data Analysis

Cytocochleogram

Images of OC whole-mount preparations were analyzed using
the Image] software (NIH, Bethesda, MD, United States) and cell
counting was carried out manually by assigning different markers
stored with their coordinates using the plug-in “Cellcounter.” For
each OC whole-mount segment (apical, middle, or basal), the
length was measured along the clearly defined junction between
the outer pillar cell and the first row of OHCs. The line was traced
along the longitudinal axis of the OC across all three segments to
determine the full spiral length. OHCs and IHCs were counted as
present if co-staining of three cellular markers consisting of the
cellular nucleus (DAPI), the stereocilia bundle (phalloidin), and
the cellular cytoplasm (Myosin VIIa) were evident. Otherwise,
if one of these markers was absent, hair cells were counted as
missing. Each marker (present or missing OHCs and IHCs)
was allocated to the nearest point on the spiral of the OC by
calculating the minimum Euclidean distance. The total OC spiral

length was determined by concatenating the three whole-mount
segments. Then, the length was normalized to 100% and the
count of present or missing OHCs and IHCs, respectively, was
calculated as a function of the relative distance from the apex
subdivided into 5% bins. Thereby, the extent and pattern of lost
cells and the remaining intact cells along the cochlear length were
mapped as a “cytocochleogram” (Engstrom et al., 1966; Viberg
and Canlon, 2004; Miiller et al., 2005; Carignano et al., 2019).

OHC and SV Phenotypes

For each age group and for either KCNQ4 or KCNQI analysis,
pairs of cochlear cross-sections from two mice in the lower
and upper quartiles, respectively, were stained on the same day
using the same corresponding reagent solutions (see section
“Histology”). Each pair was then imaged together using the
same confocal acquisition parameters and exposure times. The
presence of an OHC was verified if both the cell nucleus as
well as the OHC-specific motor protein prestin were labeled,
then KCNQ4 membrane expression at the basal pole of at least
three OHCs was localized. The expression of KCNJ10 in the
intermediate layer of the SV was used to delimit the marginal
layer with KCNQ1 expression. Thereafter, a 100x oil immersion
lens was used to image the OC and the SV, respectively, at an
apical, middle, and midbasal position.

Quantitative analysis of KCNQ4 and KCNQ1 was performed
in fluorescence images of cochlear cross-sections using the
Image] software. For each magnified image, the background was
reduced using the “rolling ball” algorithm (built-in Image] tool)
with a radius of six pixels. The regions of interest (ROIs) used for
quantification were delimited by circles with a diameter of 100
pixels around the basal pole of OHCs for the KCNQ4 staining,
and by rectangles with a fixed width of 100 pixels along the
marginal layer of the SV for the KCNQI staining. Subsequently,
delimited ROIs were inserted onto a black background and the
corresponding color channel (green for KCNQ4 and red for
KCNQ1) was split and converted to an 8-bit grayscale image with
a threshold of 75 pixel intensity to minimize contributions from
background staining. Subsequently, pixel intensity was integrated
over the processed images to obtain the area under the curve
(AUC), then normalized by the number of OHCs to obtain a
mean KCNQ4 intensity per OHC, or by the SV length to obtain a
mean KCNQI intensity per SV width.

Statistics

Data are presented as mean with standard deviation (SD), or
with standard error of the mean (SEM) for small sample sizes
(n = 3 or 4) as an estimate of the deviation of the sample
mean from the population mean. Data distributions were tested
for normality by the Shapiro-Wilk test. Pairwise differences of
means were compared for statistical significance using the Mann-
Whitney-U for two samples or the Kruskal-Wallis test for more
than two samples. Least-squares linear regressions were assessed
by the coefficient of determination R?. And linear correlations
were determined by Pearson’s correlation coefficient r. A p-value
of less than 0.05 or less than 0.001 was considered statistically
significant or highly significant, respectively. Statistical analysis
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was performed using IBM SPSS Statistics 27 (IBM Corporation,
Armonk, NY, United States).

RESULTS

SAMPS8 Mice Develop Progressive
Age-Related ABR Threshold Increase

ABR in SAMP8 mice were assessed over age by pure-tone
stimulus-evoked ABR thresholds from accumulated control
groups (reference cohort) that were divided into three age groups:
juvenile (n = 84, mean 34 £ 6 days, range 25-45 days), young
adult (n = 49, mean 80 =+ 11 days, range 65-105 days), and adult
(n = 22, mean 188 + 14 days, range 170-210 days). Mean and
SD of ABR thresholds for frequencies 2.0-45.2 kHz as well as
corresponding mean age and age range are shown for each age
group in Figure 2A. Comparison of the ABR thresholds across
frequencies between age groups revealed a progressive increase
in hearing loss starting in the high-frequency range (>8 kHz)
between juvenile and young adult stages and further progressing
toward the low-frequency range (<8 kHz) in the adult stages.
The significant differences between age groups from pairwise
comparisons of ABR thresholds are indicated graphically in
Figure 2B for each frequency, with young adult SAMP8 mice
already exhibiting a significant increase of hearing thresholds
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FIGURE 2 | Decline of hearing acuity over age in SAMP8 mice as assessed
by auditory brainstem response (ABR) thresholds. (A) Mean and standard
deviation of ABR thresholds from accumulated control groups (reference
cohort) divided into three age groups: juvenile (black, n = 84), young adult
(blue, n = 49), and adult (pink, n = 22). The right graph shows mean age and
age range in days for each group: juvenile (black, mean 34 days, range
25-45 days), young adult (blue, mean 80 days, range 65-105 days), and adult
(pink, mean 188 days, range 170-210 days). (B) Graphical representation of
significant differences (white and black circles represent p < 0.05 and

p < 0.001, respectively) from pairwise comparisons of ABR thresholds
between age groups (j, juvenile; y, young adult; a, adult) for each frequency
in kHz.

for high frequencies (>8 kHz) compared with juvenile mice
(p < 0.05). In adult mice, ABR thresholds were further elevated
across all frequencies when compared with young adult mice,
reaching statistical significance at 5.6 and 8 kHz (p < 0.05),
and at 16-45.2 kHz (p < 0.05). When compared with juvenile
mice, significantly elevated ABR thresholds were found in adult
animals for all frequencies (p < 0.05). The mean increase in
ABR threshold between juvenile and adult SAMP8 mice was
9.3 dB for the low-frequency range (<8 kHz) and 26.5 dB for
the high-frequency range (>8 kHz). SAMP8 mice thus show an
early progressive, age-related increase in ABR thresholds, starting
primarily in the high-frequency range and later extending to all
frequencies at an adult age.

SAMP8 Mice Exhibit Variability in ABR

Threshold Progression

Apart from the significantly progressive, age-related ABR
threshold increase found in the SAMP8 reference cohort, the
threshold variability for each age group-as represented by the
SD-also appears to increase as a function of age (Figure 2A).
In line with this observation, the mean SD of ABR thresholds
over all frequencies in adult mice (18 + 5 dB SPL) was
significantly higher than in juvenile mice (12 4+ 2 dB SPL,
p < 0.05). We hypothesize a bifurcation into subgroups with
slow or fast progression of ABR threshold increase over age,
which presumably entails the significant increase in threshold
variability between age groups. To identify the lower and upper
ends of the threshold distribution within the SAMP8 subgroups,
we compared the ABR threshold of a monitoring cohort of
SAMP8 mice (n = 10, five males and five females) at juvenile
(34 days), young adult (80 days), and adult age (195 days) with
the interquartile range of the reference cohort for each age
group. The monitoring cohort was then divided into subgroups
(lower, normal, or upper) based on their progression of age-
related ABR threshold increase. For each classification and age
group, mean and SEM of ABR thresholds (one ear for each
mouse) are shown in Figure 3. Mice in the lower quartile (lower,
n = 3) showed a relatively slow progression of ABR threshold
increase over age, tending toward a resistance against age-
related decline. By contrast, mice in the upper quartile (upper,
n = 3) showed a relatively fast progression. Finally, mice in
the normal-hearing subgroup (normal, n = 4) adhered to the
progression found in the reference cohort. No correlation was
found between these classifications and the sex of the mice,
and no relevant asymmetries were found between ears for each
mouse. Note that at juvenile age, SAMP8 mice allocated to the
upper quartile already showed elevated ABR thresholds for all
frequencies when compared with either normal-hearing mice
(mean shift 11 & 5 dB) or mice in the lower quartile (mean shift
16 + 4 dB). By contrast, normal-hearing mice and mice allocated
to the lower quartile were initially comparable at juvenile age
(mean shift 4 & 6 dB), then progressively diverged up to the
adult age (mean shift 18 4+ 8 dB). In summary, the monitoring
SAMPS8 cohort confirmed an age-dependent bifurcation into
subgroups with different progressions of age-related ABR
threshold increase. In order to address related morphological

Frontiers in Aging Neuroscience | www.frontiersin.org

August 2021 | Volume 13 | Article 708190


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Peixoto Pinheiro et al.

SAMP8 Age-Related Hearing Loss

8 16
frequency [kHz]

juvenile young adult adult

100f {100
a 9o} Jeoa
n 17}
% 80 480 g
B 70t {70 ©
2 2
§ 60 460 @
£ 50t 150 &
5 5
2 401 = 1402

30} —=-upper | 3 {30

20p ~Tnormal 120

—+-lower | 3
2 4 32 2 4 32 2 4 32

R
frequency [kHz]

FIGURE 3 | Long-term SAMP8 monitoring cohort (n = 10) with auditory brainstem response (ABR) thresholds measured at juvenile (34 days), young adult (80 days),
and adult age (195 days). ABR thresholds were compared with the interquartile range of the reference cohort for each age group (gray area, see Figure 2) and

divided into subgroups in the lower quartile (green diamonds, n = 3), in the normal range (gray circles, n = 4), and in the upper quartile (orange squares, n = 3) based
on their progression of age-related threshold increase over age. For each age group and subgroup, mean and standard error of the mean ABR thresholds are shown.
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alterations, a spatiotemporal histological analysis was performed
for the different age groups.

ABR Threshold Loss of SAMP8 Mice
Partly Independent of Cochlear Hair Cell
Loss

Outer hair cell analyzed performing
cytocochleograms obtained from OC whole-mount preparations
of juvenile, young adult, and adult aged SAMP8 mice. According
to the functional ABR threshold classification, SAMP8 mice
were selected from the lower and upper quartiles as described
above for each of the three age groups. The two functionally
different groups were chosen to gain insight into potential
cellular correlates of the observed diverging threshold losses.
An illustrative example of analyzing OC whole-mount segments
(apical, middle, and basal) is shown in Figure 4A. Present or
missing OHCs and IHCs were counted and allocated to bins
along the normalized spiral length of the OC. The mean length
of the OC was 5.33 £ 0.36 mm (n = 19). In some cases, whole-
mount segments were only partially intact due to preparation
artifacts, e.g., in the 90-100% range of this illustrative example
(Figure 4B). These were not included in the analysis while the
length axis was maintained to allocate the hair cell count to the
correct position along the total length of the OC. Cell counts of
present or missing OHCs and IHCs as a function of the relative
distance from apex in 5% bins are demonstrated in Figure 4C.
Note that entire bins without valid hair cell markers were
excluded from the analysis. However, bins with only partially
valid markers due to preparation difficulties were included but
showed generally lower cell counts.

In the following, cytocochleograms are presented as the ratio
between missing hair cells and the sum of present and missing
hair cells, i.e., percentage of hair cell loss, in each bin. Thereby,
the limitation of only partially valid markers in a given bin was
overcome and the comparison between relative OHC and THC
loss was facilitated. The mean age at the ABR measurement
followed by cochlear extraction for mice in either quartile was

survival were

38 £+ 4 days (juvenile), 97 £ 15 days (young adult), and
184 £ 16 days (adult). At juvenile age, mice in the upper quartile
(n = 3) had elevated ABR thresholds across all frequencies
compared with same-aged mice in the lower quartile (n = 3).
The most pronounced difference was seen at 16 kHz (Figure 5A,
dashed line). At this frequency, juvenile mice in the lower quartile
had a mean threshold of 16 £ 3 dB SPL, whereas mice in the
upper quartile had a mean threshold of 58 £+ 3 dB SPL, ie,
the mean threshold difference at 16 kHz was 42 dB. At young
adult age, the mean threshold difference was 35 dB between the
respective mice in the lower (n = 3) and upper (n = 3) quartiles.
And at adult age, the difference was 51 dB between the respective
mice in the lower (n = 3) and upper (n = 4) quartiles. Note that
at adult age, mice in the upper quartile had profound hearing loss
with a mean threshold of 77 &= 6 dB SPL at 16 kHz. By contrast,
the same-aged mice in the lower quartile had a mean threshold
of 26 = 1 dB SPL, which lies within the interquartile range of
the reference cohort at juvenile age, i.e., they had a decelerated
progression of ABR threshold increase over age. This is in line
with the observations made in the SAMP8 monitoring cohort
with continuous ABR measurements (see Figure 3).
Cytocochleograms corresponding to mice of the experimental
cohort with ABR thresholds allocated to the lower or upper
quartiles over age are plotted in Figure 5B. IHC loss remained
below 5% for mice in either quartile, for all age groups.
Surprisingly, no OHC loss was observed in both the lower and
upper quartiles at all frequencies of the juvenile age group despite
a mean threshold difference of 42 dB at 16 kHz. In young
adult mice, OHC loss was found starting at an approximately
40% distance from apex, which corresponds to about 9 kHz as
estimated by a mouse place-frequency map (Wang et al., 2002;
Viberg and Canlon, 2004; Miiller et al., 2005), and progressed
toward the basal region. In adult mice, OHC loss further
increased in the same regions. However, no consistent differences
were found between respective mice in the lower and upper
quartiles. At young adult age, for example, the distance from
apex corresponding to 16 kHz (Figure 5B, dashed line) had a
mean OHC loss of 7 & 2% in the lower (n = 3) and 12 + 2%
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FIGURE 4 | Hair cell count along the cochlear spiral length in whole-mount histological analysis. (A) lllustrative example of apical, middle, and basal cochlear
segments stained with MYOTA for hair cells and phalloidin for stereocilia (left panel). In the white-square delimited area, different marker assignments are illustrated
(right panels): cochlear length axis (gray circles), present or missing outer hair cells (OHC as black circles, or OHx as white circles, respectively), and present or
missing inner hair cells (IHC as black triangles, or IHx as white triangles, respectively). (B) The corresponding overview is shown with the cochlear length normalized
to 100% distance from apex and subdivided into 10% bins. Due to preparation difficulties, some whole-mount segments were only partially intact, e.g., in the
90-100% range. These were not included in the analysis, i.e., no hair cell markers were assigned, whereas the length axis was still used to approximate the total
cochlear spiral length. (C) Present or missing OHC (left panel) and IHC (right panel) counts are shown as a function of the relative distance from apex in 5% bins, with
the cell count plotted in the middle of the respective bin. Note that entire bins without valid hair cell markers were excluded, while bins with only partially valid
markers due to preparation difficulties were included, but showed generally lower cell counts.
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in the upper (n = 3) quartiles, which is in contrast to a mean
threshold difference of 35 dB between these groups. At adult age,
the mean OHC loss was 21 & 8% in the lower (1 = 3) and 38 &= 9%
in the upper (n = 4) quartiles. This presents a relatively larger
difference between the two groups and functionally compares
to a mean threshold difference of 51 dB. At more basal sites
(70-90% distance from apex), young adult and adult mice in
the respective upper quartiles showed less OHC loss than those
in the respective lower quartiles, which appears contradictory to
the ABR threshold difference at the same frequency locations
between mice in the upper and lower quartiles.

To further quantify ABR threshold shifts and OHC loss over
age, a mouse place-frequency map (Viberg and Canlon, 2004) was
used to convert the relative distance from apex to corresponding
frequencies. The cytocochleograms were then divided into low-
(<8 kHz) and high-frequency (>8 kHz) ranges in accordance
with the progressive OHC loss observed in the middle and
basal regions (>40% distance from apex) in contrast to the
apical region (see Figure 5B). As an equivalent to relative
hair cell loss, ABR threshold shifts were calculated for each

mouse by subtracting the mean threshold of the reference cohort
at juvenile age (see Figure 2) from each given threshold, at
each given frequency. Thereby, a relative ABR threshold shift
from the population mean with the juvenile age as reference
could be compared between mice allocated to the lower or
upper quartiles over age. Within each frequency range (low
or high frequency) and for each classification (lower or upper
quartile), scatterplots as a function of absolute age in days and
corresponding linear regression models are shown for ABR
threshold shifts in Figure 6A and for OHC or IHC losses
in Figure 6B. The coefficient of determination (R?) of the
linear regression models is indicated graphically in Figure 6C.
And corresponding correlation coefficients (Pearson’s r, upper
table) and their significance value (p, lower table) are indicated
graphically in Figure 6D.

In the low-frequency range, only mice allocated to the lower
quartile showed relevant linear regressions and had moderate
positive correlations between age and ABR threshold shift
(r = 042, p = 0.005) and OHC loss (r = 0.44, p = 0.002,
see Figures 6C,D). In the high-frequency range, by contrast,
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FIGURE 5 | Spatiotemporal analysis of cochlear hair cell loss over age of the experimental cohort. (A) Mean and SEM of auditory brainstem response (ABR)
thresholds of ears corresponding to the whole-mount analysis for each mouse, for mice allocated to the lower (green diamonds) and upper (orange squares) quartiles
in each age group (juvenile, young adult, and adult). The interquartile range of ABR thresholds of the reference cohort for each age group is shown for comparison
(gray area, see Figure 2). (B) Cytocochleograms showing mean and SEM of outer and inner hair cell loss (OHC as circles and IHC as triangles, respectively) as a
function of relative distance from apex, for mice with ABR thresholds allocated to the lower (green) and upper (orange) quartiles, respectively, in each age group.

A mouse place-frequency map (Wang et al., 2002; Viberg and Canlon, 2004; Muller et al., 2005) was used to divide cytocochleograms into low- (<8 kHz) and
high-frequency (>8 kHz) ranges. For reference, frequency (f) and cochlear spiral length (d) axes are depicted with respect to the relative distance from apex. The
dashed line highlights ABR thresholds and corresponding OHC and IHC loss at 16 kHz, for which the largest mean threshold difference was found in all age groups.
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ABR threshold shift as well as OHC loss were well-described by
linear regression (R* > 0.4) and had strong positive correlations
with age (r > 0.7, p < 0.001) for either quartile. By contrast,
IHC loss was not significant over age as shown above (see
Figure 5B). In other words, the increase of ABR threshold
over age was observed in the high-frequency range independent
of quartile allocation, while thresholds at lower frequencies
remained largely unchanged. These observations are in line with
age-related OHC loss, showing little loss in the low-frequency
range, but a significant loss in the high-frequency range over
age. Although these results confirm OHC loss as one predictor of
ABR threshold increase over age in SAMP8 mice, the observed
threshold variability cannot be explained by OHC loss alone.
While OHC loss is comparable between mice allocated to the
lower and upper quartiles (see Figure 6B), this is in stark contrast
to the ABR threshold difference in the high-frequency range
between these groups (A = 38 dB, see Figure 6A) which persists
over age. Furthermore, the hypothesis that mice in the lower
and upper quartiles exhibit slow and fast progression of age-
related ABR threshold increase, respectively, is not supported by
comparable slopes of the linear regression models in the high-
frequency range, with a threshold increase of 8.5 dB per 50 days
in the lower and 8.0 dB per 50 days in the upper quartile. This
implies that lower and upper quartiles have different time points

of hearing loss onset, but progress with the same rate thereafter.
Despite the largely unchanged ABR thresholds over age in the
low-frequency range, a persisting threshold difference between
mice in the lower and upper quartiles was observed (A =22 dB).
Based on these observations, it is suggested that OHC loss is
a secondary predictor of ABR threshold increase over age in
either quartile given that functional impairment, as measured by
increase in ABR thresholds, preceded OHC loss in both lower and
upper quartiles.

OHC and SV Phenotypic Differences of
SAMPS8 Mice Relate to ABR Threshold
Variability

Given that OHC loss over age could not be linked to
the observed variability of ABR thresholds between SAMPS
mice in the lower and upper quartiles, we hypothesized
that potential sensitive phenotypic variances preceding OHC
loss may be linked to altered levels of KCNQ4 (Ky7.4)
membrane expression in OHCs or to altered levels of KCNQ1
(Ky7.1) in the SV. For each age group, three (juvenile)
to four (young adult and adult) pairs of cochlear cross-
sections of mice in the lower and upper quartiles, respectively,
were analyzed for KCNQ4 (Supplementary Figures 1-3) and
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FIGURE 6 | Scatterplots of auditory brainstem response (ABR) threshold shifts and hair cell loss as a function of age with regression and correlation analysis.
(A) Individual ABR threshold shifts over age for mice in the lower (green diamonds) and upper (orange squares) quartiles, in the low- (<8 kHz) and high-frequency
(>8 kHz) range, respectively. ABR threshold shifts were calculated for each mouse by subtracting the mean threshold of the reference cohort at juvenile age (see
Figure 2) from each given threshold, at each given frequency. Fitted linear regression models (dash-dotted lines) are shown for mice in the lower (green) and upper
(orange) quartiles, respectively. A indicates the difference of intercepts between models for mice in the lower and upper quartiles, for each frequency range.
(B) Individual outer and inner hair cell loss (OHC as circles and IHC as triangles, respectively) over age for mice in the lower (green) and upper (orange) quartiles, in
the low- and high-frequency range, respectively. Fitted linear regression models for OHC loss (solid lines) and for IHC loss (dashed lines) are shown for mice in the
lower (green) and upper (orange) quartiles, respectively. (C) Graphical representation of the coefficient of determination (R2) ranges of the linear regression models for
each measure and for each condition. (D) Graphical representation of correlation coefficients (Pearson’s r, upper table) and corresponding significance values (p,
lower table) for each measure and for each condition.

KCNQ1 (Supplementary Figures 4-6) membrane expression.
Quantitative analysis of KCNQ4 and KCNQl membrane
expression was carried out by processing fluorescence images of
cochlear cross-sections to reduce background and detect ROIs,
then split the corresponding color channel, and evaluate the
pixel intensity in 8-bit grayscale images (Figures 7A,C). The
pixel intensity profiles for KCNQ4 (Figure 7B) and KCNQI1
(Figure 7D) were then integrated to obtain the AUC, then
normalized by the number of OHCs to obtain a mean KCNQ4
intensity per OHC, or by the SV length to obtain a mean KCNQ1
intensity per SV width.

For each age group, normalized AUCs of KCNQ4 and KCNQ1
that were averaged from cochlear cross-sections in the apical,
middle, and midbasal turns, for mice allocated to the lower and
upper quartiles, respectively, are shown in Figure 8. Across age
groups, KCNQ4 expression (Figure 8A) was generally higher in
mice allocated to the lower quartiles than in mice allocated to the
upper quartiles, with the ratio of mean KCNQ4 expression in the
lower quartile to the upper quartile ranging from 1.14 to 3.16.
However, no significant differences were found between these

quartiles for each age group. This trend was similarly observed for
KCNQ1 expression (Figure 8B), with the ratio of mean KCNQI
expression in the lower quartile to the upper quartiles ranging
from 1.15 to 1.98, but no significant differences were found. Still,
the data suggest that KCNQ4 and KCNQ1 membrane expressions
averaged over three cochlear turns were generally reduced in the
age-matched mice allocated to the upper quartiles, which is in
concordance with the higher ABR thresholds found in the low-
and high-frequency ranges (see Figure 6A).

Scatterplots as a function of absolute age in days and
corresponding linear regression models for normalized AUCs of
KCNQ4 and KCNQ1 are shown in Figures 9A,B, respectively, for
each quartile (lower or upper) and for each cochlear turn (apical,
middle, or midbasal). The coefficients of determination (R?)
of the linear regression models and corresponding correlation
coeflicients (Pearson’s r) are indicated graphically for KCNQ4
and KCNQ1 in Figures 9C,D, respectively. KCNQ4 expression
in OHCs showed relevant linear regressions in the middle turn
with negative correlations between KCNQ4 expression and age
in mice allocated to the lower (r = —0.71, p = 0.014) and
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FIGURE 7 | Quantitative analysis of KCNQ4 and KCNQ1 pixel intensity profiles
in cochlear cross-section fluorescence images. (A) lllustrative example of a
cochlear cross-section stained with KCNQ4 (green), prestin (red) for the outer
hair cell (OHC) motor protein, and DAPI (blue) for cell nuclei (upper panel). For
each image, the regions of interest (ROIs) were delimited by circles around the
basal pole of OHCs. The green channel (KCNQ4) was split and converted to
an 8-bit grayscale image (lower panel). (B) The corresponding pixel intensity
profile is shown. The pixel intensity was integrated over the processed image
to obtain the area under the curve (AUC) and normalized by the number of
OHGs, here 5x, to calculate a mean KCNQ4 intensity per OHC. (C) lllustrative
example of a cochlear cross-section stained with KCNQ1 (red) in the stria
vascularis (SV), and DAPI (blue, left panel). ROIs were delimited by rectangles
with a fixed width along the marginal layer of the SV. The red channel (KCNQ1)
was split and converted to an 8-bit grayscale image (right panel). (D) The
corresponding pixel intensity profile is shown. The AUC was normalized by the
SV length along the y-axis to calculate a mean KCNQ1 intensity per SV width.

upper quartiles, respectively (r = —0.39, p > 0.05, Figure 9A,
middle). The persistent difference (A) between the lower and
upper quartiles over age is congruent with the ABR threshold
difference observed between these groups which also persists
over age (see Figure 6A). Another relevant linear regression was
found in the midbasal turn with a negative correlation between
KCNQ4 expression and age in mice allocated to the upper
quartile (r = —0.55, p = 0.078), while the expression in the lower
quartile did not correlate with age (Figure 9A, midbasal). The
apparent increase (g) in expression difference between the lower
and upper quartiles in the midbasal turn and the aforementioned,
persistent difference (A) in the middle turn coincide with the
larger ABR threshold difference observed in the high-frequency
region (compare Figures 6A, 9A). With regards to KCNQI
expression in the SV, a relevant linear regression was solely found
in the apical turn for mice allocated to the lower quartile with a
moderate negative correlation between KCNQI expression and
age (r = —0.43, p > 0.05, Figure 9B, apical). Although mice

allocated to either quartile generally showed weak correlations
between KCNQI expression and age, a persistent difference over
age may be interpreted between the lower and upper quartiles
in the midbasal turn (Figure 9B, midbasal). Based on these
observations, it is suggested that altered OHC and SV phenotypes
constitute potential predictors of the observed ABR threshold
differences in SAMP8 mice, feasibly preceding OHC loss over age.

DISCUSSION

In the present study, we analyzed the auditory thresholds and
sensory hair cell loss of SAMP8 mice as a function of age.
Apart from the early progressive, age-related decline in hearing
acuity, we observed a significant increase in threshold variability
over age. We hypothesized that SAMP8 mice exhibit different
progressions of age-related ABR threshold increase. In line with
this hypothesis, we found that a monitoring cohort of SAMP8
presented a bifurcation into two subgroups, i.e., in lower and
upper quartiles, with respect to ABR threshold distribution.
Surprisingly, in the experimental cohort, the large variability
of threshold loss between these quartiles did not conclusively
correlate to a cellular loss of OHCs. In fact, functional loss
as measured by ABR threshold increase was found to precede
OHC loss. In search for sensitive phenotypic markers of this
age-related functional loss, we hypothesized that diminished
expression levels of KCNQ4 (Ky7.4), a Kt channel crucial for
OHC function and survival, and KCNQI (Ky7.1), an essential
channel for K* circulation and secretion into the endolymph
generating the EP, constitute possible candidates for phenotypic
alteration preceding OHC loss and possibly accounting for the
observed threshold variability. KCNQ4 and KCNQ1 membrane
expressions were found to be decreased in mice with ABR
thresholds allocated to the upper quartile compared with those in
the lower quartile, with partly persistent or increasing differences
between these quartiles and weak negative correlations between
membrane expression and age. We thus propose that diminished
expression levels of KCNQ4 in OHCs and KCNQ1 in the SV
may be underlying causes of the variability in auditory threshold
progression of SAMP8 mice. In the following sections, we discuss
the implications of these results for the SAMP8 mouse model
of ARHL, the ABR threshold increase in the context of OHC
or THC loss, i.e., sensory presbycusis, and KCNQ4 and KCNQI
expressions as well as other potential predictors affected by
accumulated metabolic challenges over age that need to be
investigated as possible underlying causes of ARHL preceding
irreversible OHC loss in the SAMP8 mouse model.

SAMP8 Mouse Model of ARHL

The SAMPS strain is commonly used as a model to study
several disorders observed in aging, such as senile amyloidosis,
osteoporosis, cataracts, and brain atrophies (Akiguchi et al.,
2017; Karuppagounder et al.,, 2017; Folch et al., 2018; Grinan-
Ferre et al., 2018). Previously, SAMP8 mice were used to
investigate premature cochlear aging and as a model of ARHL
with an early progressive, age-related decline in hearing acuity
(Menardo et al., 2012; Marie et al., 2017). In the present study,
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we confirmed these findings with our SAMP8 reference cohort
showing significant ABR threshold increases from juvenile to
young adult and adult age (see Figure 2). This age-related
increase in ABR thresholds started in the high-frequency range
and later extended to all frequencies, which closely mimics the
typical audiometric progression in human ARHL, characterized
by a greater deterioration of audiometric thresholds over age at
high frequencies than at low frequencies (Gates and Mills, 2005;
Gordon-Salant, 2005; Wu et al., 2020).

In addition to the significantly progressive age-related ABR
threshold increase found in the SAMPS8 population, we observed
an age-dependent increase in threshold variability for each age
group. The continuous ABR measurement in the monitoring
cohort presented a bifurcation in thresholds showing a highly
variable progression of ARHL in the SAMP8 model (see
Figure 3). Previously, Benkafadar et al. (2019) compared the
progression of ABR threshold increase over age between SAMPS8
and the senescence-accelerated mouse resistant 1 (SAMRI)
strain, which was typically used as a SAMPS8 control representing
normal senescence (Takeda et al., 1981). Benkafadar et al.
(2019) confirmed that both strains develop ARHL after 1 month
of age, but threshold progression was shown to be faster
in the SAMPS8 strain with a threshold increase over the
frequencies 2-32 kHz of 5.0 dB/month versus 2.8 dB/month
in the SAMRI. Similar progressions have also been previously
reported for the compound action potential (CAP) evoked
by tone bursts at 20 kHz (Menardo et al, 2012). For our
SAMPS reference cohort, we estimated a threshold increase
of 3.6 dB/month over all frequencies, which seems to fall in
between the progressions previously reported for the SAMP8
and SAMRI strains.

Furthermore, individual data reported by Benkafadar et al.
(2019) for either strain also presented a large ABR threshold
variability as observed in the present study. Already at 1 month
of age, they reported a mean ABR threshold range over all
frequencies of approximately 34 dB (n = 14), and at 6 months

of age, the range increased up to 59 dB (n = 14, Benkafadar
et al.,, 2019). By comparison, in the considerably larger reference
cohort of the present study, we observed a larger mean ABR
threshold range of 63 dB in juvenile mice (1.5 months, n = 84)
in contrast to a smaller range of 45 dB in adult mice (6 months,

= 22). The variance of ABR thresholds within age groups
were found to be comparable, for example, at 8 and 16 kHz,
mean SD of ABR threshold were estimated at 18.7 dB (n = 14,
Benkafadar et al., 2019) compared with 19.8 dB (n = 22) in the
present study. While further comparisons in the literature were
limited due to the few studies describing age-related auditory
function in the SAMP8 mice (Marie et al., 2017), previous and
current data underline the functional variability in the SAMP8
strain, which needs to be taken into account in the experimental
design, for example, for investigating age-related changes in
auditory function or for evaluating therapeutic measures in long-
term studies.

The overall progression of threshold loss over age in SAMP8
mice is comparable to other mouse models, but occurs within a
shorter time scale (Fetoni et al., 2011). One of the most commonly
used models is the C57BL/6] mouse, which presents a progressive
high-frequency hearing loss from as early as 2 months of age
(Li and Borg, 1991; Zheng et al., 1999) accompanied by broad
degeneration of cochlear structures (Ison et al., 2007). While
C57BL/6] mice already demonstrate a significant hearing loss
in high frequencies (>20 kHz) starting at 2 months of age,
low frequencies (<8 kHz) first start to palpably deteriorate at
6 months of age with significant increase at 9-10 months of age
(Li and Borg, 1991). Even though the audiometric progression in
C57BL/6] mice also mimics the typical situation in human ARHL,
this is observed over a course of 10 months or longer. By contrast,
the SAMPS strain exhibits a more rapidly progressing, significant
hearing loss for a wide range of frequencies over the course of
6 months (see Figure 2). With regards to cytologic changes, an
age-dependent progressive loss of both IHCs and OHCs was
observed between 3 and 7 months of age in C57BL/6], while loss
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FIGURE 9 | Scatterplots of normalized areas under the curve (AUC) of KCNQ4 and KCNQ1 immunofluorescence as a function of age with regression and correlation
analysis. (A) AUC of KCNQ4 immunofluorescence per outer hair cell (OHC) over age for mice in the lower (green diamonds) and upper (orange squares) quartiles, for
the apical, middle, and midbasal turns, respectively. Fitted linear regression models (solid lines) are shown for mice in the lower (green) and upper (orange) quartiles,
respectively. A indicates the difference of intercepts between models for mice in the lower and upper quartiles and ¢ indicates the increase in difference over age
between the lower and upper quartiles. (B) AUC of KCNQ1 immunofluorescence per stria vascularis (SV) width over age for mice in the lower (green diamonds) and
upper (orange squares) quartiles, for the apical, middle, and midbasal turns, respectively. Fitted linear regression models (solid lines) are shown for mice in the lower
(green) and upper (orange) quartiles, respectively. (C,D) Graphical representations of the coefficient of determination (R?, upper tables) ranges of the linear regression
models and the modulus correlation coefficients (Pearson’s r, lower tables) for KCNQ4 (C) and KCNQT1 (D). Note that none of the correlation coefficients was
significantly different from zero.

of spiral ganglion neurons (SGNs) was evident by 7 months of
age (Hequembourg and Liberman, 2001). By comparison, loss
of sensory hair cells in SAMPS8 can be observed at 1 month of
age and degeneration of SGNs occurs already by 3 months of
age (Menardo et al., 2012). Furthermore, the underlying cause
behind the early onset of ARHL in C57BL/6] has been pinpointed
to a mutation in the cadherin 23 gene (Cdh23), which encodes
a cell component of the hair cell tip link (Noben-Trauth et al,
2003; Keithley et al., 2004). Given that ARHL is presumably
influenced by multiple factors, with growing evidence pointing
to oxidative stress as one of the main risk factors (Someya
and Prolla, 2010; Menardo et al., 2012; Han and Someya, 2013;
Benkafadar et al., 2019), the SAMP8 strain may prove to be a
more appropriate and less time-consuming model of ARHL for
several study questions.

The normal aging CBA/] mouse strain carries an Ahl resistant
allele and does not develop premature hearing loss. Until the
age of 1 year, this animal model presents almost no change in

auditory thresholds (Zheng et al., 1999; Frisina and Zhu, 2010;
Ohlemiller et al., 2010). The hearing sensitivity starts to decline in
the high frequency region at the age of 19 months with a parallel
loss of OHC:s in the apical half of the cochlea (Ohlemiller et al.,
2010), which is comparable to human cochlear aging (Wu et al,,
2020). Despite the longer time scale of hearing loss progression
in the normal aging CBA/] mouse strain, the variance of ABR
thresholds has been shown to noticeably increase with age for low
and high frequencies in the range 3-48 kHz (Frisina and Zhu,
2010), which is consistent with our observations in the SAMP8
strain over a shorter time scale.

In summary, compared with the C57BL/6] or the CBA/]
strain, an accelerated senescence process, shorter lifespan, earlier
onset and more rapid progression of age-related pathological
phenotypes arguably make the SAMP8 mouse a useful animal
model to study ARHL pathophysiology in a time frame that
is permissive to animal experimentation. The large variability
observed in auditory function needs to be taken into account in
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the experimental design and analysis. In future studies, predictive
biomarkers should be investigated in order to allow better control
and criteria selection of experimental SAMPS8 groups.

Auditory Threshold Increase Due to OHC
or IHC Loss Over Age

Auditory thresholds are known to provide a sensitive measure
of OHC function given their essential role in the lower dynamic
range of the cochlear amplifier (Liberman and Kiang, 1978;
Liberman and Beil, 1979; Dallos, 2008). The loss of the cochlear
amplification has been shown to result in a CAP threshold shift
of up to 30-40 dB in rats exposed to the ototoxic agent styrene
(Chen et al., 2008), whose primary target are the OHCs. Their
results further suggested that the resulting permanent threshold
shift increases by approximately 6 dB per 10% OHC loss (Chen
et al, 2008). In the present study, mean cytocochleograms
showed an OHC loss first observed in young adult mice starting
in the middle region and progressing toward the basal region
(see Figure 5). With advancing age, a further increased OHC loss
up to 40% could be observed. Our results showed an increase of
the threshold shift in the high-frequency range by approximately
7.5 dB per 10% OHC loss, which generally corresponds to
the observation of Chen et al. (2008). Although these results
confirm OHC loss as one predictor of ABR threshold increase
over age in SAMP8 mice, the observed threshold variability
could not be explained by OHC loss alone, since OHC loss
was comparable between mice allocated to the lower and upper
quartiles (see Figure 6B) despite the persisting ABR threshold
difference between these groups (see Figure 6A).

Human ARHL is best predicted by the loss of OHCs and IHCs,
strongly suggesting sensory presbycusis as the predominant type
of ARHL in humans (Wu et al., 2020). While the observed OHC
loss in the SAMP8 mouse appears to be one predictor for age-
related ABR threshold increase, this could not be confirmed for
IHC loss. Despite the ABR threshold difference between the lower
and upper quartiles in the experimental cohort, the loss of IHCs
remained rather negligible for all age groups (see Figure 6B).
A recent report showed that the selective loss of 70% of IHCs in
a chinchilla model did not significantly change ABR thresholds
(Jock et al., 1996; El-Badry and McFadden, 2009). Furthermore,
in chinchillas, the selective IHC damage reduced the amplitude of
CAP but the thresholds obtained from the higher brain regions,
e.g., the inferior colliculus attributed to generating the ABR
wave IV (Melcher and Kiang, 1996), remained unaffected (El-
Badry and McFadden, 2007). The treatment with carboplatin, an
ototoxic drug that selectively damages the IHC along the entire
cochlea length in chinchillas, presented a negligible increase in
threshold shift until the THC loss exceeded 80% (Lobarinas et al.,
2013). These studies indicate that ABR threshold shifts may not
be influenced by the loss of IHC. In the past decade, multiple
studies have suggested that afferent synapses may be the most
vulnerable structures demonstrating a degeneration of synaptic
connections prior to IHC loss (Stamataki et al., 2006; Sergeyenko
et al,, 2013; Wu et al.,, 2019). This preceding degeneration of
synapses, known as “hidden hearing loss,” has been suggested
to affect the ability to understand speech in noise (Badri et al.,

2011; Vermiglio et al., 2012). The effect of afferent fiber loss
on ABR thresholds has been previously shown to be negligible,
e.g., in mice and guinea pigs no changes could be observed in
ABR thresholds despite a significant loss of approximately 50% of
afferent fibers (Kujawa and Liberman, 2009; Lin et al., 2011b).

In the SAMP8 model of ARHL, OHC loss has been previously
shown to predominate age-related sensory degeneration
(Menardo et al., 2012), which was confirmed in the present study
as a secondary histopathological predictor for ABR thresholds.
By contrast, IHC loss was not observed at least up to 7 months of
age, while further progression of age can also lead to a delayed
but progressive loss of IHCs (Menardo et al.,, 2012), which is
similar to the human situation (Wu et al., 2020).

Altered KCNQ4 and KCNQ1 Expressions

as Potential Predictors of Hearing Loss

The premature SAMP8 senescence causing early presbycusis was
linked to altered levels of antioxidant enzymes and decreased
activity of complexes I, II, and IV, which in turn lead to chronic
inflammation and triggering of apoptotic cell death pathways
(Menardo et al., 2012). Before the premature onset of hearing
loss, SAMP8 cochleae already displayed an early increase in ROS
levels and downregulation of antioxidant enzymes (Menardo
et al., 2012; Benkafadar et al., 2019). The levels of prooxidant
molecules increased concomitantly with the degradation of
hearing in SAMPS8, while the deficit in antioxidants remained
relatively stable until 6 months of age (Benkafadar et al,
2019). Given that an age-related progression of OHC loss was
observed in the SAMP8 mice, we hypothesized that the threshold
variability in SAMP8 mice might be due to a different progression
of OHC loss in this subgroup thus creating this observed
bifurcation of SAMP8 mice with ABR thresholds allocated to the
lower or upper quartiles in each age group. Surprisingly, we could
not observe differences in OHC loss between the two SAMPS8
subgroups (see Figure 6B). Although our results indicated OHC
loss as one predictor for ABR threshold increase over age, it does
not appear to explain the variability of threshold progression
between these subgroups.

The survival of OHCs is dependent on the hair cell
conductance current which is carried by KT (Spicer and
Schulte, 1991, 1996; Schulte and Steel, 1994). This current
drives the electromotility of OHCs (Ashmore and Gale, 2004)
with KCNQ4 maintaining the OHC receptor potential (Kubisch
et al, 1999a,b; Beisel et al., 2000; Kharkovets et al., 2000;
Nouvian et al., 2003; Oliver et al., 2003; Holt et al., 2007).
The ultrafast electromechanical gating of KCNQ4 in murine
cochlear OHCs have been shown to develop with hearing as
channel density in the basal pole of OHCs (Perez-Flores et al.,
2020), while impaired membrane expression of KCNQ4 lead
to progressive hearing loss (Jentsch, 2000a,b; Kharkovets et al.,
2006; Gao et al., 2013; Carignano et al, 2019). In particular,
the loss of KCNQ4 in the membrane of OHCs has been
linked to a chronic depolarization, possibly increasing Ca?*
influx and causing the subsequent degeneration of OHCs due
to chronic cellular stress (Ruttiger et al., 2004). Carignano
et al. (2019) showed in a KCNQ4 knock-out (KO) mouse that
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the number of OHCs slowly decreased at a young age with
increasing cell loss up to complete degeneration at oldest ages.
Based on these previous observations, we hypothesized that
diminished levels of KCNQ4 expression in OHCs could be
an underlying cause of the observed ABR threshold variability
in SAMP8 mice. KCNQ4 membrane expression averaged over
three cochlear turns appeared to be reduced in mice with ABR
thresholds allocated to the upper quartile (see Figure 8A).
The persistent and increasing differences found between the
lower and upper quartiles in KCNQ4 expression over age in
the middle and midbasal turns, respectively (see Figure 9A),
was further found to be congruent with the persistent ABR
threshold difference observed over age between these groups,
with larger differences in the high-frequency range (see
Figure 6A).

Another essential component for maintaining auditory
function is the recycling of K™ from OHCs to the endolymph. To
facilitate the electromotility of OHCs, a high K™ concentration
in the endolymph has to be maintained (Nin et al., 2016). One
major component of the KT recycling circuit is the voltage-
dependent K™ channel KCNQI, which is located in the marginal
cells of the SV. KCNQ1 is responsible for the secretion of
K" to the endolymph and thereby generating and maintaining
the EP (Wangemann et al., 1995; Wangemann, 2006). Loss-of-
function mutations have been shown to impair K* secretion into
the endolymph leading to a defect in endolymph production
accompanied by a collapse of Reissner’s membrane (Casimiro
et al,, 2001). Another study could observe a decrease in KCNQI
causing SV atrophy in aged C57BL6/] with notable hearing loss
(Yang et al., 2013). We thus hypothesized that diminished levels
of KCNQI expression in the SV could be another underlying
cause of the observed ABR threshold variability in SAMP8 mice.
While mice allocated to either quartile generally did not show
a correlation between KCNQI1 expression and age, a persistent
difference over age may be interpreted between the lower and
upper quartiles in the midbasal turn (see Figure 9B).

KCNQ4 and KCNQI as K™ channels generally possess high
energy requirements for continuous recycling processes to enable
a proper membrane expression, suggesting them as one of the
primary targets of ROS accumulations (Peixoto Pinheiro et al.,
2020). Furthermore, ROS-mediated modification of K+ channels
can induce alterations of the activity of signaling mechanisms
causing changes in channel activity or channel gene expression
(Ruppersberg et al., 1991; Matalon et al., 2003; Cai and Sesti,
2009). As mentioned above, the premature senescence of SAMP8
mice causing early presbycusis was previously linked to altered
levels of antioxidant enzymes and an accumulation of ROS.
An impaired membrane expression and a disrupted KCNQ4
conductance causes progressive sensorineural hearing loss (Gao
et al., 2013). Furthermore, cells in the SV have been shown
to contain large numbers of mitochondria, predisposing them
to an increased vulnerability to oxidative stress (Nakazawa
et al., 1995; Spicer and Schulte, 2002). Consequently, reduced
membrane expressions of KCNQ4 and KCNQI caused by
ROS accumulation are suggested as potential predictors of the
observed ABR threshold variability in SAMP8 mice, feasibly
preceding OHC loss over age.

Other Potential Phenotypic Predictors of

Hearing Loss

Although OHC and IHC loss have been demonstrated as the
most important histologic predictors of human ARHL in both
high- and low-frequency regions, there remain age-related effects
that have not been identified in the cytohistological analysis of
the human cochlea (Wu et al., 2020). These uncaptured effects
may be found in the phenotype of surviving sensory hair cells
or other functionally relevant structures such as the SV. As
the loss of sensory hair cells and reduction in hearing function
was not influenced by a single cause, we cannot exclude other
cellular or phenotypic predictors that could have an effect on
the progression of the ABR threshold variability in SAMP8 mice
(Wangemann et al., 1995; Vetter et al., 1996).

The degeneration of SGNs can be observed both in humans
and animal models of ARHL (Keithley and Feldmann, 1979;
Makary et al., 2011; Viana et al., 2015). Previous studies have
shown that the neuronal loss precedes the degeneration of IHCs
(Viana et al., 2015; Wu et al., 2019). However, the loss of
neurons did notlead to elevated ABR thresholds (Schuknecht and
Woellner, 1955; Kujawa and Liberman, 2009). While Menardo
et al. (2012) have observed an SGN loss of about 20% by
6 months of age in SAMPS8 mice (here we describe mice up
to 7 months of age), it was previously reported that even a
significant loss of 50% SGN did not affect ABR thresholds in
mice and guinea pigs (Kujawa and Liberman, 2009; Lin et al,,
2011b). Therefore, loss of SGNs appears to play a minor role in
the prediction of threshold elevation, but very likely contributes
to significant decrease in speech discrimination, especially in
noisy environments (Schuknecht and Woellner, 1955; Kujawa
and Liberman, 2009; Wu et al., 2019).

Another potential predictor is the OHC motor protein
prestin. Liberman et al. (2002) observed an increase of
ABR thresholds in prestin KO animals compared with wild
type. In addition, the absence of OHC electromotility due
to prestin KO resulted in a loss of cochlear sensitivity of
approximately 40-60 dB (Liberman et al., 2002). In the
F344 rat, a disruption of prestin has been reported in aged
OHCs and it was thus suggested that ROS accumulation
during aging may affect prestin through protein oxidation
(Chen et al., 2009; Syka, 2010). However, it remains unclear
to which degree the disruption of prestin relates to OHC
somatic electromotility and motor function sensitivity
(Cheatham et al., 2005).

CONCLUSION

The present study supported our initial hypothesis that
the large variability of threshold loss over time could be
explained by a bifurcation into two subgroups, where these
SAMP8 mice constituted the lower and upper quartiles of the
threshold distribution, respectively. Surprisingly, the progression
of threshold variability could not be linked to a parallel ongoing
loss of OHCs. By contrast, OHC loss appeared to be preceded
by an altered phenotype of OHCs linked to KCNQ4 membrane
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expression and possibly an altered phenotype of the SV linked
to KCNQI1, which appeared to be decreased in mice with ABR
thresholds allocated to the upper quartile with higher ABR
thresholds when compared to age-matched mice in the lower
quartile. We suggest that the integrity of KCNQ4 and KCNQ1
channels has to be considered as a possibly decisive step for
elevated hearing loss in SAMP8 mice that precedes OHC loss.
The observed phenotypic change may underlie age-related effects
of ARHL in SAMP8 mice preceding irreversible OHC loss due
to accumulated metabolic challenges with age. Considering this,
increase of antioxidant activity, decrease of ROS production, or
pharmaceutical targeting of K™ channels could be promising
approaches to decelerate or prevent ARHL before the inevitable
progression of hair cell loss.
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A potassium channel agonist protects hearing function
and promotes outer hair cell survival in a mouse model

for age-related hearing loss
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Age-related hearing loss (ARHL) is the most common sensory impairment mainly caused by degeneration of sensory hair cells in the
cochlea with no causal medical treatment available. Auditory function and sensory hair cell survival critically depend on the Kv7.4
(KCNQ4) channel, a voltage-gated potassium channel expressed in outer hair cells (OHCs), with its impaired function or reduced
activity previously associated with ARHL. Here, we investigated the effect of a potent small-molecule Kv7.4 agonist on ARHL in the
senescence-accelerated mouse prone 8 (SAMP8) model. For the first time in vivo, we show that Kv7.4 activation can significantly
reduce age-related threshold shifts of auditory brainstem responses as well as OHC loss in the SAMP8 model. Pharmacological

activation of Kv7.4 thus holds great potential as a therapeutic approach for ARHL as well as other hearing impairments related to

Kv7.4 function.

Cell Death and Disease (2022)13:595; https://doi.org/10.1038/s41419-022-04915-5

INTRODUCTION

According to recent data from the WHO, hearing loss affects
20.3% of the world’s population [1-3]. Age-related hearing loss
(ARHL), or presbycusis, has emerged as the leading cause of years
lived with disability in people over 70 years of age worldwide,
compared to all other disease categories [1, 3]. Although this
condition is not considered life-threatening, it can significantly
degrade the quality of life and is associated with multiple
comorbidities, including social isolation, depression, and cognitive
decline [3-5]. Hearing loss has also been suggested as a
modifiable risk factor for dementia [6, 7]. Taken together, it is
evident that the functional, social, and mental impact, the
extraordinary prevalence and burden of disease creates an
immense medical need for a causal treatment of ARHL.

In humans, ARHL typically presents as a symmetrical decline in
hearing ability over age that is more pronounced in the high
frequencies [8, 9]. A recent analysis of human temporal bones
showed that the degree of ARHL can be best predicted by the loss
of outer hair cells (OHCs) and inner hair cells (IHCs), strongly
suggesting sensory presbycusis as the predominant type of ARHL
[10]. OHCs provide fast electromechanical amplification of sound
and require fast repolarization of the receptor potential in order to
respond to the large dynamic range and speed of sound [11]. The
modulation of potassium ion (K") channels and potassium
circulation in the cochlea maintains this demanding signal
transduction process [12, 13]. Specifically, the potassium voltage-
gated channel subfamily g member 4 (Ky7.4 or KCNQ4), which is

expressed at the basal pole of OHCs, is involved in K* efflux and
generation of the predominant K™ conductance current of OHCs,
ln [14-16].

Impaired surface expression or reduced activity of the Ky7.4
channel leads to functional impairment and has been associated
with age-related [17-21], noise-induced [20, 22-25], ototoxic
hearing loss [26], and genetic hearing loss in human hereditary
deafness DFNA2 [27-29]. The central role of the Ky7.4 channel for
OHC function and survival has been demonstrated by genetic
ablation in Kcng4~’~ mice and loss-of-function mutations leading
to progressive hearing loss and slow degeneration of OHCs
[30, 31]. The loss of the Ky7.4 in OHCs can result in chronic
depolarization, which can consequently lead to their degeneration
due to chronic cellular stress [32]. Notably, pharmacological
inhibition of Ky7.4 by linopirdine in an adult guinea pig model has
been shown to cause acute hearing loss through compromised
function and severe OHC degeneration in the basal turn, which
corresponds to the high-frequency range of the cochlea [33].
These various findings lead to the hypothesis that pharmacolo-
gical activation of Ky7.4 may preserve hearing function and
prevent OHC loss in ARHL, and possibly other forms of hearing
loss related to compromised K, 7.4 function.

For over a decade, Ky7.4 has been suggested as a drug target
for small-molecule activators [20, 26, 34-36]. As a proof of
principle, Leitner et al. [36] showed in vitro that synthetic channel
openers, such as retigabine (RTG) and zinc pyrithione (ZnP), could
potentiate and stabilize the Ky7.4-mediated l¢,, conductance in
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OHCs with DFNA2-causing mutations in the Ky7.4 channel.
Moreover, they observed an enhancement of the native Ky7.4-
mediated Iy, conductance in OHCs [36]. However, the applicability
of small-molecule K,7.4 activation as a treatment approach has
thus far not been demonstrated in an in vivo model.

In the present study, we investigated the effect of a novel,
potent small-molecule K, 7.4 agonist ACOU085 [37] on ARHL in the
senescence-accelerated mouse prone strain 8 (SAMP8) mouse
model [38]. The SAMP8 mouse model shows an early progressive,
age-related increase in auditory brainstem response (ABR) thresh-
olds as well as loss of OHCs, predominantly in the high-frequency
range [18]. The cochlear exposure of ACOU085 from a formulation
administered via transtympanic injection was determined in a
pharmacokinetic study by analyzing cochlear tissue and peri-
lymph. In an electrophysiology study, the effect of repeated
ACOUO085 administrations on ARHL was investigated in a within-
subject design, with mice receiving unilateral administrations of
ACOUO085 and contralateral vehicle as control. The magnitude of
hearing loss was determined by measuring ABR threshold shifts
and showed reduced age-related functional decline in treated ears
when compared with vehicle controls. After termination, morpho-
logical analysis of cochlear whole-mounts confirmed a concomi-
tant reduction in OHC loss in the high-frequency range of the
cochlea. Thus, pharmacological activation of Ky7.4 appears as an
attainable therapeutic approach for ARHL and potentially other
hearing impairments related to compromised Ky7.4 function.

METHODS

Animals

Female SAMP8/TaHsd mice were acquired from Envigo (Horst, Nether-
lands) at an age of 30 days and were housed in groups of up to five
animals in a standard macrolon polycarbonate cage under a 12-h light-
dark cycle with ad libitum access to food and water. Animal care,
treatments, and procedures were performed according to the German
(TierSchG) and European Union (directive 2010/63/EU) guidelines for the
protection of animals used for experimental purposes, following revision
and approval by the veterinary care unit of the University of Tlibingen and
the regional animal care and ethics committee (Regierungsprasidium
Tlbingen, approval no. HN3/17).

Drug preparation and administration

ACOUO085 (Acousia Therapeutics, Tiibingen, Germany) is a novel small-
molecule agonist of the K,7.4 (KCNQ4) voltage-gated potassium channel
with higher potency than ML-213 in the nanomolar range [37] (see Fig. S1).
The compound was provided in an injectable formulation which contained
proprietary lipid-based gel formulation. In this study, ACOU085 was
administered at 0.6% w/v or 6.0% w/v concentrations, with the formulation
alone serving as a vehicle control. The formulations were stored at 4 °C and
warmed in a water bath to 40 °C before administration.

Transtympanic injection was accomplished by placing the mice in a
lateral decubitus position on a custom-made heating pad. The tympanic
membrane (TM) was visualized using a surgical microscope (OPMI-1, Zeiss,
Oberkochen, Germany). ACOU085 or vehicle formulations were adminis-
tered into the middle ear until they emerged back through the needle
perforation, indicating that the entire middle ear cavity was filled. The
applicability of the formulation varied with ACOU085 concentrations;
therefore, the 0.6% w/v concentration or the vehicle alone were
administered using a 1-ml syringe (B. Braun SE, Melsungen, Germany)
and a 20-pl microloader tip (Eppendorf, Wesseling-Berzdorf, Germany). The
6.0% w/v concentration was administered with a 1-ml syringe and a 22 G
needle (Epican Paed caudal, Braun, Melsungen, Hessen). For a given
mouse, the injection volume was 5-15 pl per ear depending on individual
constraints, e.g., anatomical variations, age, and the number of previous
transtympanic injections.

Pharmacokinetics

Experimental design. To determine the drug distribution from the middle
ear cavity into the cochlea, perilymph and cochlear tissue samples were
collected from SAMP8 mice at different timepoints after a single
administration via transtympanic injection in each ear of ACOU085 in
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Fig. 1 Schematic representation of the pharmacokinetic and
electrophysiology study design. a Schematic representation of the
pharmacokinetic study design. Cochlear perilymph and tissue were
sampled after a single administration of 0.6% or 6.0% w/v ACOU085
formulation via transtympanic injection into both ears of SAMP8
mice. Samples were collected for the timepoints 0.25, 7, 14, 21, and
28 days post-administration (postA). Concentrations of ACOU085 in
cochlear perilymph and tissue were determined by liquid chroma-
tography and mass spectrometry. b Schematic representation of the
electrophysiology study design. The effect of repeated unilateral
administrations via transtympanic injection of ACOUO085 versus
contralateral vehicle control was investigated in the SAMP8 mouse
model for two dose groups, 0.6% or 6.0% w/v ACOU08S5, in a within-
subject design. Auditory function was assessed at 1-month intervals
from the age of 45 days (pre-treatment, preT) to 135 days (3-months
post-treatment, postT) by determining auditory brainstem response
(ABR) thresholds. After termination, mice were sacrificed and their
cochleae were extracted for cochlear whole-mount analysis.
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06% w/v (n=14) or 6.0% w/v (n=24) concentrations. Sampling
timepoints were % (6 h), 7, 14, 21, and 28 days (see Fig. 1a). Sample sizes
varied between timepoints due to insufficient sampling volumes or
contamination. After collection, perilymph and tissue samples were
delivered for liquid chromatography with tandem mass spectrometry
(LC-MS/MS) analysis.

Perilymph and tissue sampling. At the respective timepoint of sample
collection, mice were exposed to a gradually increasing amount of CO,
until complete cessation of breathing was observed for a minimum of
2 min, followed by decapitation. Temporal bones were extracted from the
skull and cochleae were then isolated and dried with a cotton swab prior
to sampling to ensure that remnant formulation was not carried into the
cochlea during sampling. The perilymph was sampled through the round
window by puncturing the membrane with a 20-pl microloader tip
(Eppendorf) and collecting a perilymph volume of approximately 2 pl. For
tissue sampling, the cochlear apex was perforated with a 27 G needle, then
fine forceps were used to widen the opening and collect cochlear tissue.
Samples were immediately transferred into PCR tubes (Eppendorf), which
were calibrated for weight, after collection. They were stored at 4 °C for a
maximum of 2 h before being delivered for LC-MS/MS analysis.

Liquid chromatography with tandem mass spectrometry analysis. ACOU085
concentrations in perilymph and cochlear tissue samples were analyzed
using LC-MS/MS by Synovo (Tiibingen, Germany). Tissue samples were first
weighed then approximately five volumes of water were added (generally
to a final sample size of 10 mg or 10 pl) followed by a 5-min sonication step
as initial preparation. To each perilymph or tissue sample, 6 volumes of
acetonitrile (generally 60 pl, Th. Geyer, Renningen, Germany) was added
containing the internal injection volume (terbuthylazine). After centrifuga-
tion for 5 min at 20,000 RCF, each supernatant was transferred into a glass
auto-sampler vial. Dilution of the perilymph or tissue samples was required
due to excessive concentration or low sample volume. The dilution factor
was considered for data collection and calculations. The processed
samples were stored at 4 °C before LC-MS/MS analysis.

All solvents used as mobile phase and for sample preparation were of
analytical grade or better. Calibration curves and quality controls were
obtained by preparing a stock solution of ACOU085 in DMSO with a final
concentration of 10 mM followed by a serial dilution in threefold steps in
mouse plasma or artificial perilymph. The calibration curve ranged from 5
to 100,000nM in final concentration and quality controls had a
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concentration of 100, 1000, and 10,000 nM. Sample separation was
performed using using an Agilent 1260 Binary Pump (Agilent Technologies,
Santa Clara, CA, USA), CTC PAL Autosampler (CTC Analytics, Zwingen,
Switzerland), and Agilent 1260 thermostatted column compartment
(Agilent Technologies). The system was coupled to an APl 4500 triple
quadrupole mass spectrometer (AB Sciex, Framingham, MA, USA). Data
acquisition and processing were performed using Analyst Instrument
Control and Data Processing Software (version 1.6.2, AB Sciex).

Electrophysiology

Experimental design. To determine the effect of repeated administrations
of a Ky7.4 agonist ACOU085 on ARHL in the SAMP8 model, two groups of
mice received unilateral transtympanic injections of ACOUO085 in the right
ear in either 0.6% w/v (n=10) or 6.0% w/v (n = 10) doses, referred to as
the 0.6% or 6.0% groups, respectively. In the contralateral left ears, an
equivalent volume of the vehicle formulation was administered as a
control. The 0.6% and 6.0% groups were tested independently in
consecutive experimental series. At the age of 45 days, preT ABR
measurements were conducted, followed by initial treatment via
transtympanic injection of ACOUO085 or vehicle. Due to asymmetrical
hearing loss in preT ABR measurements, two mice of the group treated
with 6.0% ACOU085 had to be excluded, yielding a sample size of n = 8 for
this group. Two subsequent administrations followed in 1-month intervals,
i.e, at 75 and 105 days of age. Follow-up ABR measurements were
conducted at 1-month, 2-months, and 3-months post-treatment time-
points (Fig. 1b). After the last follow-up ABR measurement at 3-months
post-treatment (age of 135 days), cochleae were extracted for immuno-
histochemical cochlear whole-mount analysis.

Auditory brainstem response. ABR was recorded in response to click
(100-ps square pulse) or tonebursts at frequencies 2.0-45.2 kHz in two
steps per octave, with a duration of 3ms and 1 ms rise and fall times.
Stimuli were presented at 10-100dB SPL in 3 dB steps with alternating
condensation and rarefaction polarities. To generate the stimuli and record
the ABR signal, a multi-function 1/0-card (National Instruments, Austin,
Texas, USA) was used. Acoustic stimuli were delivered in a calibrated open-
field system using a dynamic loudspeaker placed lateral to the respective
auricle of the mouse. The sound pressure level was calibrated before each
block of measurements with a microphone probe (Briiel & Kjaer Types 4939
and 2670, Neerum, Denmark) placed near the entrance of the external
auditory canal in line with the loudspeaker at an angle of 90°. A differential
amplifier recorded the ABR signal between silver wire electrodes inserted
subcutaneously at the back (ground), the vertex (positive terminal), and at
the mastoid of each ear (negative terminal) with 80 dB gain. Signals were
filtered between 100 Hz and 5 kHz using sixth-order Butterworth low- and
high-pass filters and then processed by the Audiology Lab software
(Otoconsult, Frankfurt am Main, Germany) after analog-to-digital conver-
sion at 50 kHz sampling frequency. ABR measurements were conducted in
a soundproof chamber (IAC Acoustics, Niederkriichten, Germany). An ABR
threshold was defined as the sound pressure level at which a stimulus-
related response was clearly identified by visual inspection of the ABR
signal averaged from 128 stimulus repetitions for each polarity.

All animals were anesthetized during ABR measurements by intraper-
itoneal injection of 0.05mg/kg fentanyl (Fentadon, Dechra, Aulendorf,
Germany), 0.5mg/kg medetomidine hydrochloride (Dormilan, alfavet,
Neumdinster, Germany) and 2.5mg/kg midazolam (Hameln Pharma,
Hameln, Germany). To preserve eye moisture, an ointment (Bepanthen,
Bayer AG, Leverkusen, Germany) was administered. Over the course of the
measurements, the animals were placed in the prone position, electro-
cardiography was monitored, and a heating blanket maintained their body
temperature at ~37 °C.

Cochlear whole-mount analysis. Following ABR measurement at 3 months
post-treatment (135 days of age), pre-anesthetized mice from both
experimental groups were sacrificed by intracardiac injection of 600 mg/
kg pentobarbital sodium (Narcoren, Boehringer Ingelheim, Ingelheim am
Rhein, Germany), followed by decapitation. Temporal bones were
extracted, dissected on ice, perfused with 4% formaldehyde, and
decalcified in 0.2M EDTA for 27h at 4°C. Once decalcification was
completed, the cochlear sensory epithelium, i.e., the Organ of Corti (OC),
was dissected under a stereo microscope (Zeiss Stemi 200-C). OC
extraction was performed by removing the bony labyrinth, detaching
the stria vascularis (SV), then separating the OC from the spiral ganglion.
The OC was then divided into three segments: apical, middle, or basal. For
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each cochlea, the three OC segments were finally transferred into one well
of a 48-well plate filled with 500 pl of PBS.

For fluorescence and immunofluorescence labeling, whole-mount
preparations were first permeabilized with 0.2% Triton X-100 in PBS for
20 min and immersed in a blocking buffer containing 0.2% Triton X-100 in
PBS and 1% normal donkey serum for 30 min at room temperature.
Visualization was achieved by incubation with anti-myosin Vlla (1:400,
rabbit, Proteus Biosciences Inc., Waltham, MA, USA), followed by detection
with an Alexa 488-conjugated anti-rabbit secondary antibody (1:400,
Invitrogen, Paisley, UK). Each antibody was diluted in PBS supplemented
with 0.2% Triton X-100 and 0.5% normal donkey serum. All samples were
incubated for 20 min at room temperature in DAPI (1:100, Sigma-Aldrich,
St. Louis, MO, USA) and phalloidin 568 (1:400, Invitrogen) for nuclear and
F-actin fluorescence staining, respectively, then coverslipped using
FluorSave mounting medium (Calbiochem, Merck, Darmstadt, Germany).
Imaging of the immunolabelled whole-mount preparations was conducted
with 10x magnification using an epifluorescence microscope (Zeiss
Axioplan 2 with an ApoTome.2 unit).

Data analysis

Cytocochleograms. Images of OC whole-mount preparations were ana-
lyzed using ImageJ (NIH, Bethesda, MD, USA) and cell counting was carried
out manually by assigning different counting markers stored with their
coordinates using the plug-in “Cellcounter”. The length of each OC whole-
mount segment (apical, middle, or basal) was measured along the clearly
defined junction connecting the outer pillar cells and the first row of OHCs.
Along the longitudinal axis of the OC, this line was traced and
concatenated across all three segments to determine the total spiral
length. OHCs and IHCs were counted as present if co-staining of three
cellular markers were evident, i.e, the nucleus (DAPI), the stereocilia
bundle (phalloidin), and the cytoplasm (myosin Vlla). If any of these cellular
markers were absent, hair cells were counted as missing. For each counting
marker (present or missing OHCs and IHCs), the nearest point on the spiral
of the OC was assigned by calculating the minimum Euclidean distance.
The total spiral length was normalized to 100% and the number of present
or missing OHCs and IHCs, respectively, was calculated as a function of the
relative distance from the apex subdivided into 5% bins. This approach
was used to determine the extent and pattern of cell loss along the
cochlear length mapped as a “cytocochleogram” [18, 39, 40].

Statistics. Data are presented as means with standard deviations (SD),
with standard error of the mean (SEM), or as box plots. Sample
distributions were tested for normality by the Shapiro-Wilk test. Within-
subject differences were compared for statistical significance using the
two-sided paired-samples t-test for two samples, or two-way repeated-
measures analysis of variance (ANOVA) for more than two samples to
determine the main effect of treatment. A p-value of less than 0.05 was
considered statistically significant and, if applicable, was adjusted for
multiple comparisons using the Bonferroni correction. Statistical analysis
was performed using IBM SPSS Statistics 27 (IBM Corporation, Armonk,
NY, USA).

RESULTS

ACOUO085 readily diffuses into the cochlea from the middle
ear cavity

To determine the diffusion of the Ky7.4 activator ACOUO085 from
the formulation administered into the middle ear cavity into the
targeted cochlea, the concentration of ACOU085 was sampled in
cochlear perilymph and tissue for the timepoints 2 (6 h), 7, 14, 21,
and 28 days after a single transtympanic injection of 0.6% w/v
(n=14) or 6.0% w/v (n = 24) formulations in SAMP8 mice (Fig. 1a).
For each mouse, ACOU085 concentrations obtained by LC-MS/MS
for either perilymph or tissue samples were averaged, respectively,
across both ears. The lower limit of quantification (LLOQ) was
averaged from individual LLOQs that were calculated for each
timepoint taking dilution factors into account, with the mean
LLOQ over all timepoints shown in gray shading (Fig. 2a and b).
For the 0.6% w/v ACOU085 formulation, the mean concentration
measured in perilymph at % days post-administration (postA) was
520 £4.54 uM, whereas the concentration in cochlear tissue
reached more than thrice that level with a mean concentration
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Fig. 2 Distribution of ACOUO085 in the cochlea of SAMP8 mice after a single administration. Concentrations of ACOU085 in cochlear
perilymph and tissue were determined by liquid chromatography with tandem mass spectrometry (LC-MS/MS). Mean and standard deviation
of ACOUO085 concentrations are shown for perilymph (open squares) and tissue (closed squares) sampling after a single administration of the
0.6% (a) or 6.0% (b) w/v ACOU085 formulation. The lower limit of quantification (LLOQ) was calculated for each timepoint taking dilution
factors into account, with the mean LLOQ over all timepoints shown (gray shading).

of 18.86+ 11.03 uM (Fig. 2a). At 7 days postA, the concentration
decreased to 0.13 £0.10 uM in perilymph and to 1.89 £ 2.16 uM in
tissue. At 14 days and beyond, concentrations in both sample
types were found below LLOQ. For the 6.0% w/v formulation, at 4
days postA a mean ACOUO085 concentration of 621.45 £ 754.15 uM
was found in the perilymph, and 247.25 + 181.34 pM in tissue (Fig.
2b). These concentrations are at least an order of magnitude
higher than for the 0.6% w/v formulation, which is consistent with
a dose-dependent exposure [41]. At 7 days postA, mean ACOUO085
concentration in the perilymph remained relatively high at
32.72+39.77 yM, and in the tissue, it was 21.12+29.58 uM.
Similar to the 0.6% w/v formulation, ACOU085 concentrations at
14 days and beyond were generally below or at LLOQ for the 6.0%
w/v formulation. However, tissue concentrations appeared to
increase slightly at 21 days and 28 days postA (Fig. 2b). This may
be due to variability between mice given that sampling was
terminal and not continuous within subjects. In summary, this
pharmacokinetic study demonstrated that ACOUO085 readily
diffused into the cochlear perilymph and tissue from the middle
ear cavity in a dose-dependent fashion. Given an ECs, in the
nanomolar range [37] (Fig. S1), therapeutically relevant concen-
trations of ACOUO085 are estimated to be available in the cochlea
for 7-14 days after a single administration, with higher
concentrations and a presumably longer time window for the
6.0% w/v dose.

Ky7.4 agonist reduces age-related ABR threshold shifts in
SAMP8 mice

The pharmacodynamic effect of cochlear Ky7.4 enhancement on
ARHL in the SAMP8 model was investigated in two groups of mice
that received three consecutive, unilateral transtympanic injec-
tions of ACOU085 in 0.6% w/v (n=10) or 6.0% w/v (n = 8) doses,
hereafter referred to as the 0.6% or 6.0% group, respectively. In
contralateral ears, equivalent volumes of the vehicle formulation
were administered as a control. For each group, the baseline
measurement, i.e., pre-treatment (preT) ABR thresholds, was
conducted at the age of 45 days followed by initial administration
via transtympanic injection of ACOUO085 or vehicle. Two sub-
sequent administrations followed in 1-month intervals, i.e., at 75
and 105 days of age. Based on the pharmacokinetic study, we
estimate that at least half the 1-month administration interval had
sub-ECso concentrations of ACOU08S5 in the target tissue for either
group, suggesting that effects were obtained without sustained
target engagement. Follow-up ABR measurements were con-
ducted at 1-month, 2-months, and 3-months post-treatment
(postT) intervals (Fig. 1b). At preT, toneburst- (Fig. 3a, b) and
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click-evoked (Fig. 3c, d) ABR thresholds showed no statistically
significant differences between ears selected for treatment with
ACOUO085 or vehicle in either group. ABR threshold shifts were
calculated as the difference between individual thresholds (for
each ear) and the population mean at preT (n = 36, two ears per
mouse). In general, the 6.0% group showed a more rapid
progression of hearing loss compared with the 0.6% group
(Fig. 3c, d); when comparing click-evoked threshold shifts of
vehicle-treated ears between these groups at 3-months postT, the
mean threshold shift for the 0.6% group was 21.0+11.6dB in
contrast to a 37.9+8.1dB threshold shift for the 6.0% group.
These significantly different threshold shifts (p = 0.0048) between
vehicle-treated ears may be traced back to the variability of age-
related threshold loss in SAMP8 mice [18]. However, this does not
affect within-subject comparisons in either dose group. Within-
subject comparisons of click-evoked ABR threshold shifts in the
0.6% group showed no significant effect of treatment for any
postT interval, but a trend of decreased threshold shifts for
ACOU085- compared with vehicle-treated ears can be observed
(Fig. 3c). In the 6.0% group, a similar trend was observed and
significant within-subject differences between ACOUO085- and
vehicle-treated ears were evident at 3-months postT (p =0.029,
Fig. 3d). Tone-burst evoked ABR also showed similar trends for
both dose groups (see Fig. S2); the main effect of treatment
(ACOUO085 vs. vehicle) at 3-months postT was statistically
significant in the 0.6% group, F(1,9) =11.76, p =0.008, and was
just above significance level in the 6.0% group, F(1,6) = 5.596, p =
0.056. Altogether, the reduced ABR threshold shifts demonstrate
that repeated treatments with the Ky7.4 agonist protected hearing
function from the age-related decline in SAMP8 mice.

Ky7.4 agonist reduces age-related OHC loss in SAMP8 mice

To determine the effect of treatment on the degree of hair cell
survival, cochleae were extracted for immunohistochemical
analysis after the final follow-up ABR measurement at 3-months
postT. Cytocochleograms were generated from OC whole-mount
preparations stained for the nucleus (DAPI), the stereocilia bundle
(phalloidin), and the cytoplasm (myosin Vlla). lllustrative examples
of OC whole-mount analysis are shown in Fig. 4a. Both present
and absent OHCs and IHCs were respectively counted and divided
into 5% bins along the normalized spiral length of the OC as
previously described [18]. Cytocochleograms visualize the percen-
tage of hair cell loss in each bin based on the ratio of absent hair
cells to the sum of present and absent hair cells (Fig. 4b). In both
the 0.6% and 6.0% groups, IHC loss remained negligible below 7%
for either treatment. This finding is consistent with previous
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Fig.3 ABR thresholds of SAMP8 mice before treatment and click-evoked ABR threshold shifts of SAMP8 mice treated with ACOU085 and
vehicle control. a, b Mean and standard deviation of ABR thresholds are shown for SAMP8 mice at the age of 45 days before treatment with
ACOUO085 at 0.6% (a) or 6.0% (b) w/v dose or contralateral vehicle control. ¢, d Means (diamonds), box plots, and individual (circles) click-
evoked auditory brainstem response (ABR) threshold shifts are shown for SAMP8 mice treated unilaterally with either 0.6% (c) or 6.0% (d) w/v
ACOUO085 and contralateral vehicle control measured at different timepoints: pre-treatment (preT), and 1-, 2-, 3-months post-treatment
(postT). Threshold shifts were calculated as the difference between individual thresholds and the population mean at preT. Significant
pairwise comparisons (paired-samples t-Test) are indicated by asterisks (*p < 0.05). Note that due to technical issues resulting in data loss, two
mice had to be excluded at the 2-months and 1 mouse at the 3-months postT intervals, respectively, in the 6.0% group. This is denoted by “1e”

and “2e7 i.e, 1 ear and 2 ears excluded, respectively.

histological data on age-related IHC loss in SAMP8 mice [18, 42].
As is also expected from previous data, mean OHC loss of up to
36% was observed in the high-frequency range of vehicle-treated
ears, starting at a distance of 30-40% from the apex. OHC loss
showed no relevant differences between ACOUO085- and vehicle-
treated ears in the 0.6% group. By contrast, OHC loss in the 6.0%
group was generally reduced up to 14% in ACOU085-treated ears.
Given that cytocochleogram bins without valid hair cell counting
markers for a given cochlea had to be excluded from the analysis
(see Methods), statistical comparisons between treatments were
not possible for each bin. A mouse place-frequency map was
implemented to convert the relative distance from apex to
corresponding center frequencies [39], which facilitates a more
direct comparison with ABR data. According to the previously
shown progressive OHC loss in SAMP8 mice in the middle and
basal regions (>40% distance from apex) in contrast to the apical
region, the place-frequency map was used to divide cytocochleo-
grams into low- (<8 kHz) and high-frequency (>8 kHz) ranges. OHC
loss was then averaged over each frequency range. Correspond-
ingly, toneburst-evoked ABR threshold shifts at 3-months postT
were averaged over the same frequency ranges (low or high), for
each treatment and group to allow frequency range-specific
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comparisons with OHC loss. The 0.6% group showed a significant
main effect of treatment on ABR threshold shifts with F(1,9) =
11.76, p = 0.008 (Fig. 5a), which is consistent with the analysis for
each frequency at 3-months postT (c.f. Fig. S2a). However, no
significant differences were evident in OHC loss. The main effect
of treatment on ABR threshold shifts in the 6.0% group was just
above significance level, F(1,6) =5.60, p =0.056, which is also
consistent with the analysis for each frequency (cf. Fig. S2b). While
no significant main effect of treatment was found on OHC loss, a
significant interaction effect of treatment and frequency range
was found, F(1,6) =843, p=0.027 (Fig. 5b). Post-hoc testing
correspondingly showed a significant reduction of OHC loss in
ACOUO085- compared with vehicle-treated ears in the high-
frequency range (p=0.00063). This frequency range-specific
effect of treatment with reduced OHC loss is consistent with the
significant reduction in click-evoked ABR threshold shifts at
3-months postT (Fig. 3d). In summary, repeated administration
of the Ky7.4 agonist in the 6.0% group over a period of three
months was shown to significantly reduce age-related OHC loss in
the high-frequency range. This increased morphological preserva-
tion of OHCs correlated with the functional protection of ABR
thresholds in this group.
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Fig. 4 Quantification of outer and inner hair cell loss in SAMP8 mice treated with ACOU085 and vehicle control. The effect of repeated
unilateral administrations via transtympanic injection of ACOU085 versus contralateral vehicle control was investigated in the SAMP8 mouse
model in a within-subject design. After the last follow-up measurement at 3-months post-treatment (postT, age of 135 days, see Fig. 1b),
cochleae were extracted for immunohistochemical analysis to determine the degree of outer and inner hair cell (OHC and IHC, respectively)
loss for either 0.6% or 6.0% w/v ACOU085 and corresponding vehicle control. a Illustrative examples are shown for cochlear segments (scale
bar, 20 ym) stained with myosin Vlla (MYO7A, yellow) for cytoplasm and phalloidin (red) for stereocilia of SAMP8 mice treated with either 0.6%
or 6.0% w/v ACOU085 and vehicle control. b Cytocochleograms show mean and standard error of the mean OHC and IHC loss in percent,
respectively, which are calculated as the ratio of absent hair cells to the sum of present and absent hair cells within 5% bins of distance from
apex, for the 0.6% (n = 10) or the 6.0% group (n =7, due to 1 exclusion at 3-months postT). A mouse place-frequency map [39, 40, 55] was
then used to divide the cytocochleograms into low- (<8 kHz) and high-frequency (>8 kHz) ranges. For reference, a frequency (f) axis is depicted

with respect to the relative distance from apex.

DISCUSSION
Hearing impairment is the third most common sensory deficit in
humans, with ARHL constituting the leading cause in the population
older than 70 years [3]. Causal and effective medical treatments for
ARHL constitute a significant unmet need in the elderly. Dysfunc-
tional Ky7.4 has been previously associated with genetic, noise-
induced, and age-related hearing loss [19, 22, 24]. Therefore,
maintaining Ky7.4 expression in OHCs was suggested as a promising
therapeutic approach for hearing loss. In the present study, we
examined a treatment principle for ARHL by Ky7.4 channel
activation, which has a central role for OHC function and survival
[30, 31]. A potent small-molecule K\7.4 agonist (ACOU085 [37]) was
shown to diffuse from a transtympanically injected formulation into
the cochlea, and had a protective effect on age-related ABR
threshold shifts and OHC loss in the SAMP8 mouse model of ARHL.
We confirmed in a pharmacokinetic study that ACOU085
administered in a sustained release formulation via transtympanic
injection readily diffused from the middle ear cavity into the
cochlea. After a single administration of ACOU085 in 0.6% or 6.0%
w/v dose, drug levels well above the nanomolar range [37] were
reached in cochlear perilymph and tissue. This presumably
allowed target engagement within an estimated, therapeutically
relevant dose-dependent exposure lasting from 7 to 14 days (c.f.
Fig. 2a, b). The administration of a drug formulation through the
TM into the middle ear allows drugs to reach the cochlea and has
a long-standing clinical application [41]. Transtympanic drug
delivery primarily relies on diffusion through the round window
membrane (RWM) for drug entry into the cochlea. Although this
method presents major challenges for drug delivery, such as
presumably unequal distribution over the cochlear spiral or the
amount of drug elimination via multiple routes, transtympanic
injection as a method for cochlear drug delivery allows for rapid
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and high local target exposure. Another limitation of transtympa-
nic injection involves the perforation of the TM which can cause
scarring that leads to conductive hearing loss. Thus, an adminis-
tration interval of 1 month was adopted in the electrophysiology
study to minimize the effect of TM scarring [43, 44]. Consequently,
the therapeutic time window estimated within a time frame of
7-14 days was less than or equal to half of the 1-month treatment
interval. This pharmacokinetic restriction posed an additional
challenge to the investigated effects of K\7.4 activation on age-
related decline in the SAMP8 model.

Despite this limited therapeutic time window in the electrophy-
siology study, a significant protective effect was detected for
treatments with ACOUO085 in the 6.0% w/v dose at the functional
as well as morphological level. In this group, ACOU085 significantly
reduced click-evoked ABR threshold shifts when compared with
vehicle-treated ears (cf. Fig. 3d). Auditory thresholds are known to be
a sensitive measure of OHC function, as they play an essential role in
the lower dynamic range of the cochlear amplifier [45]. The OHC
conductance current carried by K drives their electromotility [46],
with Ky7.4 maintaining the OHC receptor potential and Kt home-
ostasis [14, 15, 33, 47]. A preliminary analysis of the ABR input-output
functions of the present study showed no additional suprathreshold
effects on wave latency or slope, but only differences in threshold.
This suggests that OHCs were the main target of ACOUOQ85 treatment
in this model, appearing to have maintained their function and
increased their survival rate over age. In line with this assertion,
cytocochleograms of the 6.0% group showed significantly reduced
OHC loss for ACOU085- compared with vehicle-treated ears in the
high-frequency range (>8 kHz, cf. Fig. 5b), which corresponds to a
protective benefit of 29.4%. Although we have not measured the
drug distribution along the cochlear length, these data suggest a
precedence for protective effects in the basal turn.
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Fig. 5 Repeated treatments with Ky7.4 agonist reduced age-related decline of toneburst-evoked ABR threshold shifts and age-related
OHC loss in the high-frequency range. Following the final follow-up measurement at 3-months post-treatment (postT, age of 135 days, see
Fig. 1b), cochleae were extracted for immunohistochemical analysis to generate cytocochleograms. A mouse place-frequency map was used
to divide the cytocochleograms into low- (<8 kHz) and high-frequency (>8 kHz) ranges (see Fig. 4b), then outer hair cell (OHC) loss was
averaged over each frequency range. Correspondingly, toneburst-evoked auditory brainstem response (ABR) threshold shifts at 3-months
postT were averaged over each frequency range, for each mouse and treatment. Means (diamonds), box plots, and individual (circles)
toneburst-evoked ABR threshold shifts are compared with mean and standard deviation of OHC loss of SAMP8 mice treated unilaterally with
ACOUO085 at 0.6% (a, n = 10) or 6.0% w/v dose (b, n =7, due to 1 exclusion at 3-months postT) and contralateral vehicle control. A significant
main effect of treatment (ACOUO08S5 vs. vehicle, two-way repeated-measures ANOVA) and significant pairwise comparisons (two-tailed paired-
samples t-test with Bonferroni correction for multiple comparisons) are indicated by asterisks (*p < 0.05). The main effect of treatment just

above the significance level (p =0.056) is indicated by an asterisk within parentheses.

The protective effect on the age-related functional decline in
SAMP8 was, however, only significant for click-evoked ABR at
3-months postT, but just above significance level for toneburst-
evoked ABR in the 6.0% group (see Fig. 3d and Fig. S2b). Acoustic
click stimuli generally have a broader spectral spread than transient
toneburst stimuli [48], thereby evoking a broader neural population.
We have previously observed a large variability between SAMP8
mice in the progression of age-related toneburst-evoked ABR
threshold shifts [18]. Thus, the relatively narrow spectral spread
and the large variability between mice could have impeded the
detection of the protective effects on the local level by toneburst-
evoked ABR in the 6.0% group. The opposite observation in the 0.6%
group, where ABR threshold shifts evoked by tonebursts were
significantly reduced but not for click (see Figs. 3c and 5a), could be
traced back to a protective effect dominated by the high-frequency
range (=16kHz). This is suggested by significant differences in
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pairwise comparisons for toneburst-evoked ABR at 16 and 32 kHz
before adjustment of the significance level for multiple comparisons.
Since click stimuli have reduced spectral energy in the region
beyond 10kHz, they would be limited in detecting an effect
localized at the frequency range beyond 16 kHz. However, while the
functional protection observed in the 6.0% group was in
concordance with significantly reduced OHC loss, this was not the
case in the 0.6% group. The observed large variability between
SAMP8 mice in the progression of age-related threshold decline
could previously not be explained by OHC loss alone [18]. Therefore,
the protective effect observed in the 0.6% group without reduction
of OHC loss can arguably be attributed to a protective effect against
the functional sensory degeneration primarily linked to oxidative
stress in SAMP8 mice [42, 49, 50].

The survival of OHCs is dependent on the functional K*
recycling circuit, which facilitates OHC electromotiliy [51]. An
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essential component for maintaining K™ cycling is the voltage-
dependent Kt channel Ky7.1 (KCNQ1), which is expressed in the
SV and is responsible for K secretion to the endolymph. A
decrease in Ky7.1 has been previously observed to cause SV
atrophy with notable hearing loss [52]. However, Peixoto Pinheiro
et al. [18] have found no consistent correlations between K7.1
membrane expression decline and age in SAMP8 mice. By
contrast, relevant linear regressions and negative correlations
were found between Ky,7.4 membrane expression in OHCs and
age, especially in middle and midbasal turns. This is consistent
with the protection of OHC function in both dose groups, as well
as OHC survival in the higher dose group. Considering the
pharmacokinetic restriction reducing drug exposure to half or less
than half of the experimental time and the large variability in age-
related auditory decline of the SAMP8 mouse model, the observed
protective effects appear very encouraging and have considerable
potential for further improvement, e.g., by increased dosing,
frequency of treatment, or potentially a different formulation
allowing prolonged release of the drug.

Small-molecule Ky7.4 agonists have been in research for over a
decade as a strategy to treat hearing impairments [20, 34]. One of
the most characterized K,7.4 channel activators is RTG, which
causes a shift in the hyperpolarizing direction of the channel’s
voltage-dependence [53]. Leitner et al. [36] were the first to show
in vitro that a combined administration of ZnP and RTG can
functionally rescue Ky7.4-mediated currents from deafness-
causing mutations and, furthermore, this drug combination was
able to enhance the native Ky7.4-mediated ¢, current. An in-vivo
study involving Ky7.4 agonists has only been performed in a rat
model of tinnitus, whereby treatment with RTG was able to
reverse reduced compound action potential amplitudes at low
and high frequencies, respectively [54]. However, RTG failed to
reverse reduced distortion-product otoacoustic emissions, sug-
gesting that protection was most probably not mediated at the
OHC level. Although the application of K,7.4 activators as a
treatment modality for ARHL appeared logical from previous Ky7.4
activation studies [20], the variability of ARHL models and the
necessary long-term application have complicated a potential
in vivo experimental design to investigate their protective effect.
We have demonstrated for the first time in vivo that a novel small-
molecule Ky7.4 agonist can functionally and morphologically
protect OHCs in a mouse model of ARHL. These findings suggest
that pharmacological Ky7.4 activation holds great potential as a
novel therapeutic approach for ARHL by preventing or decelerat-
ing age-related decline of auditory function and morphological
loss of OHCs, as well as for other hearing impairments related to
compromised Ky7.4 function.

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