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ABSTRACT

Exposure to loud noise can cause hearing loss and
tinnitus in mice and humans. In mice, one major
underlying mechanism of noise-induced tinnitus is
hyperactivity of auditory brainstem neurons, due at
least in part, to decreased Kv7.2/3 (KCNQ2/3)
potassium channel activity. In our previous studies,
we used a reflex-based mouse model of tinnitus and
showed that administration of a non-specific KCNQ
channel activator, immediately after noise trauma,
prevented the development of noise-induced tinnitus,
assessed 1 week after trauma. Subsequently, we
developed RL-81, a very potent and highly specific
activator of KCNQ2/3 channels. Here, to test the
timing window within which RL-81 prevents tinnitus
in mice, we modified and employed an operant
animal model of tinnitus, where mice are trained to
move in response to sound but not move in silence.
Mice with behavioral evidence of tinnitus are expect-
ed to move in silence. We validated this mouse model
by testing the effect of salicylate, which is known to
induce tinnitus. We found that transient administra-
tion of RL-81 1 week after noise exposure did not
affect hearing loss but reduced significantly the
percentage of mice with behavioral evidence of
tinnitus, assessed 2 weeks after noise exposure. Our
results indicate that RL-81 is a promising drug
candidate for further development for the treatment
of noise-induced tinnitus.
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INTRODUCTION

Tinnitus is the unintentional and irrepressible per-
ception of internally generated simple non-verbal
noises and tones that do not exist in the outside
world. Tinnitus is experienced by up to 15 % of the
general population (Adams et al. 1999). Of the 40–50
million people in the US affected by tinnitus, approx-
imately 10 million seek medical attention (Seidman
and Jacobson 1996), and 2.5 millions of these are
considered disabled by tinnitus due to its persistence
and intensity (Shargorodsky et al. 2010). Among
veterans, tinnitus is the highest service-connected
disability of all compensation and new compensation
recipients. Namely, tinnitus impacts more than 2.17
million veteran overall (https://www.benefits.va.gov/
REPORTS/abr/), and in fiscal year 2019 alone,
183,145 new veterans entered this pool (https://
www.benefits.va.gov/REPORTS/abr/). Although
progress has occurred in understanding the underly-
ing neurobiological mechanisms, and developing
treatment options to reduce the severity of symptoms
of tinnitus, there is no evidenced-based treatment to
permanently eliminate or reduce the long-term per-
ception of tinnitus—as a result, currently there is no
available cure for tinnitus (Tzounopoulos et al. 2019).

The detailed mechanisms that are necessary and
sufficient for the triggering and maintenance of
tinnitus are not fully understood. However, the
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research community generally agrees that tinnitus is
usually generated in the brain in response to noise-
induced and/or age-dependent reduction of auditory
nerve input to the brain (Shore and Wu 2019).
Reductions of the auditory nerve drive may be due
to changes at the cellular and/or subcellular level
(synapses). This loss of input may be compensated at
several central brain regions. These compensations
result in various forms of plasticity, including pre-
served, reduced or even enhanced spontaneous and
sound-evoked activity (Schaette and Kempter 2006;
Yang et al. 2011; Li et al. 2013; Shore et al. 2016).

The brain is very plastic and capable of continuous,
small- and large-scale anatomical, neurochemical, and
functional changes. These plastic changes can occur
in either a positive or negative direction and across
lifespan. Therefore, it has been hypothesized that the
plasticity mechanisms that underlie the emergence of
and that perpetuate and elaborate the deficits of
tinnitus are likely the same mechanisms and processes
that can be used to drive changes in a corrective
direction. The validity of this statement is supported
by recent studies, where corrective plasticity has been
used successfully in mice or has shown promise in
trials in humans. For example, combination of vagal
nerve stimulation (VNS) with sound stimulation
induces cortical plasticity to increase the representa-
tion of sounds outside the tinnitus region to normal-
ize the noise-induced perturbed activity in primary
auditory cortex (Engineer et al. 2011; Vanneste et al.
2017). Another approach targets noise-induced mal-
adaptive plasticity in the auditory brainstem by using
auditory and somatosensory (trigeminal nerve) stimu-
lation to normalize maladaptive DCN plasticity linked
to tinnitus (Marks et al. 2018).

One major path of tinnitus-related plasticity in-
volves noise-induced reduction of KCNQ potassium
channel activity, a family consisting of five different
subunits (KCNQ1–5). Specifically, tinnitus-related re-
duction in KCNQ2/3 channel activity contributes
significantly to tinnitus-related auditory brainstem
hyperexcitability (Li et al. 2013). This reduction is
due to a depolarizing shift in the voltage-dependence
of KCNQ2/3 channel activation (Li et al. 2013; Li
et al. 2015). Importantly, intraperitoneal (IP) admin-
istration of KCNQ channel activators, including
retigabine, immediately after noise exposure eliminat-
ed tinnitus in mice (Li et al. 2013; Kalappa et al. 2015;
Li et al. 2015). Retigabine, an FDA-approved antiep-
ileptic drug that is an activator of KCNQ2-5 channels,
was discontinued in 2017, due to slow sales as a
consequence of severe side effects, including urinary
retention, blue skin, and retinal discoloration
(Eskioglou et al. 2017). These side effects were likely
due in part to the poor selectivity of retigabine among
KCNQ channels as well as binding of its metabolites in

melanin-containing layers and their subsequent di-
merization (Groseclose and Castellino 2019). To
mitigate these undesirable effects, we modified
retigabine. When we introduced a CF3–group at the
4-position of the benzylamine moiety, combined with
a fluorine atom at the 3-position of the aniline ring,
we generated RL648–81 (RL-81), a new KCNQ2/3-
specific activator with increased chemical stability, as a
function of its fluorinated backbone structure, that is
15 times more potent and also more selective than
retigabine (Kumar et al. 2016).

However, the effects of RL-81 on tinnitus and the
critical window for its delivery to treat noise-induced
tinnitus remain unknown. To answer these questions,
we modified and validated an operant animal model
of tinnitus and tested the effect of transient RL-81
delivery 1 week after noise trauma on noise-induced
tinnitus and hearing loss, assessed 2 and 3 weeks after
trauma, respectively.

MATERIALS AND METHODS

Animals

C57BL/6J (C57) mice (https://www.jax.org/strain/
000664) were obtained from either Jackson Laborato-
ry (Bar Harbor, ME) or bred within our animal
facilities. C57 mice were chosen due to their good
performance in behavioral tasks and because their
hearing has been well studied (Henry and Chole
1980). Because C57 mice show age-dependent hearing
loss after 6 months of age (Kikkawa et al. 2012), all
experiments and hearing assays were completed by
postnatal (P) day P83. Forty-two mice were used for
the noise-exposed group, twenty-one for RL-81-treated
group (RL-81: 8 males, 13 females; fourteen of these
mice were successfully trained, see criteria in Training
section, and used for tinnitus assessment) and twenty-
one for vehicle-treated group (methylcellulose: 12
males, 9 females; fifteen of these mice were success-
fully trained and used for tinnitus assessment). An
additional thirteen mice were used for the sham-
exposed groups (methylcellulose: 2 males, 5 females
and RL-81: 3 males, 3 females). Mice were housed in
same sex and litter groups and kept in a 12 h light-
dark cycle (lights on at 7:00 am), where temperature
was maintained constant. All procedures and animal
handling were approved by the Institutional Animal
Care and Use Committee of the University of
Pittsburgh.

Apparatus

A shuttle box (14″ W× 7″ D × 12″ H) was used for the
operant conditioning detection of tinnitus.
Coulbourn designed the shuttle box, which consists
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of two equal size compartments, separated by a
programmable door. Mouse movement was moni-
tored with light emitting diode (LED) beams, which
automatically tracked movement between the two
halves. Programming of the behavioral protocols was
done in the Graphic State software. The H02-01
Habitest Linc controlled the apparatus. Tones (8, 10,
12.5, 16, and 20 kHz, 69–77 dB SPL) were delivered
randomly through a calibrated speaker (8 Ohm
Speaker Module for Mouse, Coulbourn, Holliston,
MA) placed at the right side of the shuttle box. The
speaker was calibrated with a 1/4-in. microphone
(4954-B, Bruel & Kjaer) and a reference 1 kHz, 94 dB
SPL certified speaker (Type 4231, Bruel & Kjaer).
More specifically, we placed the microphone at the
center of the shuttle box in approximately the same
position as the mouse. We delivered the pure tone
stimuli (8, 10, 12.5, 16, and 20 kHz) at a specific
voltage input (via the Graphic State software) and
recorded output voltage using the 1/4-in. micro-
phone. Then, we determined the voltage input
needed to generate the desired dB output (69–
77 dB SPL) using the Bruel & Kjaer 4231 1 kHz
94 dB speaker as the reference voltage. Electric shock
was programmed via the Coulbourn Precision Animal
Shocker (Model H113-17A) and delivered via the
metal grid shock floor. Shock intensity ranged from
0.2 to 0.4 mA (see Training). We selected to shock
using eight poles, so mice could not avoid the shock
by cowering in corners. Mice had to cross to terminate
the shock.

Drugs: Salicylate

To validate our animal model of tinnitus, we used the
ototoxic drug salicylate to induce acute tinnitus in
mice. For three consecutive days, each mouse re-
ceived an intraperitoneal (IP) injection of either
sodium salicylate (300 mg/kg) (Hwang et al. 2011a,
b, 2013), suspended in saline (vehicle) or vehicle 2 h
prior to testing for tinnitus. Mice were trained and
tested at the same time during the day to avoid
potential circadian rhythm effects.

Drugs: RL648_81 (RL-81)

RL-81 was synthesized as previously described (Kumar
et al. 2016). RL-81 was dissolved in dimethyl sulfoxide
(DMSO) in a 50 mM stock solution. It was then
formulated as a suspension in 0.5 % methylcellulose
and administered via intraperitoneal (IP) injections
1 week after noise or sham exposure twice per day, for
5 days every 12 h, and at a dose of 5 mg/kg. Vehicle-
treated groups were injected with DMSO suspended
in 0.5 % methylcellulose, using the same injection
mode and schedule as those of RL-81-treated groups.

Noise and Sham Exposure

Mice were anesthetized with isoflurane (3 % induc-
tion/1.5 % maintenance, in oxygen) during a unilat-
eral exposure, via insertion of a plastic pipette tip into
the left ear. The pipette tip was connected to a
calibrated speaker (FT17H, Fostex, Middleton, WI).
Mice were maintained at a constant temperature (~
37 °C) during anesthesia via a heating pad. Sham- and
noise-exposed mice were treated in the same manner,
but noise-exposed mice received an 8–16 kHz octave
broadband noise at 116 dB SPL for 1 h. For the
bandwidth limited white noise, we used the DS360
Ultra-Low Distortion Function Generator (Stanford
Research Systems-SRS). The bandwidth limiting is
accomplished using a 3-Pole Butterworth Filter, for
both the high and low pass filters. The speaker was
calibrated with a 1/4-in. microphone (4954-B, Bruel &
Kjaer) using a 1 kHz, 94 dB SPL certified speaker
(Type 4231, Bruel & Kjaer). We connected the
microphone to the speaker, and used the same
pipette employed for noise exposure with a rubber
adapter that mimics the mouse ear canal. We
delivered noise stimuli across a range of voltage
inputs and recorded output voltage with a 1/4-in.
microphone. From this, we generated an input/
output curve, and determined the voltage input
needed to generate the desired dB output. We used
the 1 kHz 94 dB as the voltage standard.

FUNCTIONAL ASSAYS

Auditory Brainstem Responses

Auditory Brainstem Response (ABR) measurements
were taken from the left (exposed) and right
(unexposed) ear and conducted in a sound-
attenuating chamber (ENV-022SD; Med Associates).
Mice were maintained at a stable temperature using a
heating pad (~ 37 °C), and were anesthetized under
isoflurane (3 % Induction/ 1.5 % Maintenance, in
oxygen). To collect ABR measurements, subdermal
electrodes were placed at the vertex (active), ventral
to the right pinna (ground), and ventral to the left
pinna (reference). To acquire ABR measurements
from the exposed ear, we used a calibrated speaker
(CF-1; Tucker Davis Technologies) to deliver acoustic
stimuli through a pipette tip fixed to a plastic tube set
up in the left ear. Electrodes and speaker (pipette tip)
were adjusted accordingly to acquire ABR measure-
ments from the unexposed, right ear. ABR measure-
ments were obtained for 1-ms tone bursts of 10, 12,
16, 20, 24, and 32 kHz, which were delivered at a rate
of 18.56/s, and in a descending order from 80 to 0 dB
(or until 10 dB below threshold). The rise-fall time of
the tones was 1.5 ms (Cos2 gate). ABR measurements
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were collected with BioSigRX software, filtered with a
300–3000 Hz bandpass filter, and averaged over 512
times. Calibration for ABR tone delivery was conduct-
ed via a 1/8″ microphone amplifier (4954-B, Bruel &
Kjaer, Narum, Denmark) affixed to the end of the
pipette tip used for tone delivery. The microphone
amplifier was fed into the TDT RX-1 system, and the
TDT program SigCal was used to calibrate the
amplitude for each tone used. Threshold was defined
as the lowest stimulus intensity that produced a Wave
1 response. A Wave 1 response waveform is identified,
and distinguished from non-response (noise), as the
first consistent wave generated with decreased ampli-
tude and increased latency as the intensity decreases.

OPERANT CONDITIONING ANIMAL MODEL
FOR TINNITUS DETECTION

Training

The training for the operant conditioning model was
based on the published sound-based avoidance detec-
tion (SBAD) model (Zuo et al. 2017). Namely, we
trained the mice to cross from one compartment of
the chamber to the other in tone trials and to not cross
(stay in the same compartment) in silence trials. We
calculated the cross rate (CR), which is the number of
trials the mouse crossed over the total number of trials
for each task (i.e., if a mouse crossed 40/50 times in
tone, tone CR = 0.8). To guarantee low variability and
consistency, we established the following criteria for
successful training: stable baseline difference in cross
rate of 9 0.6, variance of G 0.0025; and an average silence
cross rate of G 0.05 for four consecutive days. The
difference in cross rate is the calculated cross rate when
we subtracted cross rate in silence from cross rate in
tones. The training process (Fig. 1a) began with a two-
day acclimation period where mice (P30-P38) were
given 20 min each day to explore the shuttle box and
to adjust to the experimenter. After these 2 days, the
acquisition phase began. During the acquisition, train-
ing and testing phases, mice received 100 trials per day
(session), which consisted of 50 random tone trials (8,
10, 12.5, 16, 20 kHz 69–77 dB SPL) and 50 silent trials.
Tone and silent trials were initiated by opening the door
of the chamber. For the tone trials, since mice
instinctively prefer to not cross, a gradual association
between the tone and the crossing behavior was
implemented during the acquisition phase. This associ-
ation was created by gradually increasing the duration of
the presented tone prior to delivering the electric shock
(if themouse did not cross in the tone trial). On the first
day of acquisition, the tone duration was 1.5 s. Then, the
tone duration increased by 0.5 s per day until the eighth
day, when the mice were given 5 s tone before receiving
any electric shock. To further consolidate the link

between the tone and the crossing behavior, the shock
intensity was also gradually increased. The intensity of
the electric shock was 0.2 mA for the first 4 days. Then,
the shock intensity increased daily until it reached amax
of 0.4 mA. The silent trials lasted 10 s after initiation of
the trial. If themouse did not cross during the trial, then
the door would close and nothing would happen, but if
the mouse crossed, the mouse received a shock (and
immediately crossed back to the original side). After
completing the acquisition phase, mice were subse-
quently trained until they reached the criteria for
successful training. The whole behavioral protocol took
on average 3 weeks. Following the completion of
successful training, mice were tested for three consecu-
tive days for salicylate-induced (see Salicylate
Experiments) or noise-induced tinnitus (see RL-81
Administration and Tinnitus and Hearing Loss Assess-
ment). During the testing period, testing was conducted
in the same manner as training, but the shock was
removed in silent trials (Zuo et al. 2017).

Salicylate Experiments

To verify that our model is detecting tinnitus, we used
the ototoxic drug salicylate, which is known to reliably
induce tinnitus. Once the training criteria were
achieved, either 300 mg/kg sodium salicylate or saline
(vehicle) were given 2 h before testing. Salicylate and
vehicle were administered via an IP injection each
day. The previously described protocol was used for
tinnitus assessment (the shock was removed in silent
trials). To assess whether a mouse showed behavioral
evidence of tinnitus, we used the Z-score. Namely, we
used the average silence cross rate of the last 4 days of
successful training. We considered a mouse with
behavioral evidence of tinnitus when at least one of
the 3 days of testing had a silence cross rate that was
two and a half standard deviations greater than the
mean baseline silence cross rate (Z-score ≧ 2.5).
During the acquisition, training and testing phases,
mice received 100 trials per day (session), which
consisted of 50 random tone trials (8, 10, 12.5, 16,
20 kHz 69–77 dB SPL) and 50 silent trials per session.

RL-81 Administration and Tinnitus and Hearing
Loss Assessment

To test for noise-induced tinnitus, we noise exposed the
mice and then we tested for behavioral evidence of
tinnitus 2 weeks following the exposure. After mice
reached the four-day baseline training criteria (see
Training), hearing was assessed using ABR measure-
ments. All mice were assessed before noise or sham
exposure (P50–62). ABR thresholds were taken from the
left (exposed) and right (unexposed) ear. The unilateral
sham or noise (8–16 kHz octave broadband, 116 dB SPL
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noise for 1 h) exposure was given immediately following
ABR measurements. After 1 week, mice were given
5 mg/kg (IP injection, 5 mg/kg) of RL-81 or 0.5 %
methylcellulose (vehicle), every 12 h, for 5 days. Tinnitus
assessment was conducted as described earlier (see
Salicylate Experiment, with the shock off in silence errors
and with using Z-score criterion). Testing (tinnitus
assessment) was conducted 2 weeks following the noise
exposure. To assess hearing, ABR measurements were
collected 3 weeks post noise or sham exposure.

COCHLEAR HISTOLOGY

Cochlear Extraction and Processing

Within 1 week of the final ABR measurements, which
were conducted 3 weeks after the noise exposure,
mice were deeply anesthetized with isoflurane and
sacrificed by decapitation. Cochleae were extracted
and perfused intralabyrinthly (through the round
and oval windows via a small needle) with 4 %
paraformaldehyde in 0.1 M phosphate buffer. Left

a

b

c

d

e

FIG. 1. Establishment and validation of tinnitus operant mouse
model. a Timeline of the experimental approach. b Tone (left) and
silence (right) cross rates during training (N = 16). To quantify this
behavior, we used the cross rate (CR), which is the number of trials
the mouse crossed over the total number of trials for each task (i.e., if
a mouse crosses 40/50 times in tone, tone CR = 0.8). c Timeline of

salicylate/saline administration. d Tone (left) and silence (right) in
saline vs. salicylate cross rates during training and testing. We used
2-way ANOVA to compare silence CR in saline vs. salicylate: Saline
N = 4; salicylate N = 5; F (1,21) = 11.28, P = 0.003. e Example of how
tinnitus was assessed using Z-score in individual mice (left) and
percentage of mice with tinnitus (right)
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(noise-exposed) cochleae were used for immuno-
staining. Cochleae were post-fixed for 2 h at room
temperature and decalcified in 120 mM EDTA for 2–
3 days at room temperature on a rocker. Decalcified
cochleae were then microdissected under a stereo-
microscope. Cochlear sections were blocked in 5 %
normal goat serum with 0.3 % Triton X-100 in
phosphate-buffered saline (PBS) for 1 h at room
temperature. Sections were then incubated in
primary antibodies diluted in blocking buffer over-
night (18–24 h) at room temperature. The primary
antibodies used were: anti-myosin VIIa (rabbit anti-
MyoVIIa; Proteus Biosciences; 1:500), anti-C-
terminal binding protein 2 (mouse anti-CtBP2
IgG1; BD Biosciences; 1:200), and anti-glutamate
receptor 2 (mouse anti-GluR2 IgG2a; Millipore;
1:2000). Sections were then washed with PBS and
incubated in Alexa Fluor-conjugated fluorescent
secondary antibodies (Invitrogen; 1:500) for 2 h at
room temperature. Sections were again washed in
PBS and finally mounted on microscope slides using
Prolong Diamond Antifade Mountant (Invitrogen).

Imaging and Quantification

Cochlear sections were imaged in their entirety at low
magnification to reconstruct the cochlear frequency
map using an ImageJ plugin provided by Eaton
P e a b o d y L a b o r a t o r i e s ( h t t p : / /
www.masseyeandear.org/research/otolaryngology/in-
vestigators/laboratories/eaton-peabody-laboratories/
epl-histology-resources/imagej-plugin-for-cochlear-fre-
quency-mapping-in-whole-mounts). This preparation
allowed us to trace the organ of Corti in its entirety
from base to apex; the plugin superimposes the
frequency map on the traced sections. Confocal z-
stacks (0.25 μm step size) of the 8, 12, 16, 24, and
32 kHz regions from each cochlea were captured
using a Nikon A1 microscope under a 60× oil
immersion lens. Images were imported to ImageJ
imaging software for quantification, where maximum
projections were rendered from the z-stacks. CtBP2
and GluR2 puncta were counted to identify intact
ribbon synapses. Synapses were only considered intact
if CtBP2 and GluR2 puncta were juxtaposed. Orphan
synapses were defined as CtBP2 puncta that lacked
GluR2 puncta. To assess inner hair cell (IHC) and
outer hair cell (OHC) loss, 200 μm lengths of the
organ of Corti were used. Hair cells were equally
sampled from all frequency areas: 14–18 inner hair
cells were sampled in each frequency region for
synapse quantification. MyoVIIa staining was used to
identify missing IHCs and OHCs from each frequency
region and calculated as fraction lost.

STATISTICAL ANALYSIS

All data analysis was conducted in GraphPad Prism
8.4.0 (455). Group data are presented as mean ± SEM.
The statistical test used for each comparison is
described in the figure legend, including N, F
(degrees of freedom), the statistical value, and the P
value. In group comparisons of cross rates in tone and
silence, we used 2-way ANOVA with Bonferroni
corrections for multiple comparisons (Figs. 1 and 2).
Binomial test was used for comparing percentages of
tinnitus mice in response to different manipulations
(Fig. 2). We used 3-way ANOVA analysis to determine
how ABR threshold shifts are affected by frequency,
exposure condition (sham SE vs. noise exposure NE),
and drug condition (vehicle vs. RL-81) (Fig. 3,
Table 1). To probe the drug effect, because frequency
had no impact, we averaged the threshold shifts across
frequencies within animals, and we used unpaired t
test (single comparisons) to examine whether RL-81
affects ABR threshold shifts in either sham- or noise-
exposed mice (Fig. 3c). We used 3-way ANOVA to
assess input (sound intensity)–output (wave I ampli-
tude) functions between vehicle and RL-81 treated
mice (Fig. 4a–f, Table 2). Cochlear histology in noise-
exposed mice was assessed using 2-way ANOVA (Fig.
4g–o, Table 3).

Rigor and Transparency

All experiments in the manuscript were reanalyzed by
a blinded independent referee (Dr. Kouvaros). For 5
out of 15 and 5 out of 14 mice per group (10 out of 29
total, tinnitus and hearing assessment, Figs. 2, 3, and
4a–f), the primary experimenter Laura Marinos was
blinded both during the data acquisition and analysis.
Regarding the 10 out of 15 and 9 out of 14 of the
experiments (vehicle = 10, RL-81 = 9; 19 out of 29
total, tinnitus and hearing assessment, Figs. 2, 3, and
4a–f), although the experimenter (Laura Marinos)
was not “blind” during acquisition, those experiments
involved automated movement detection and
acquisition/recording of mice movement between
the two compartments of the chamber. Thus, the
experimenter did not have any influence over the
experiment. Yet, blinded and non-blinded sets of
experiments performed by Laura Marinos were sub-
sequently reanalyzed in a blind fashion by Laura
Marinos and Dr. Kouvaros. Laura Marinos and Dr.
Kouvaros reached similar conclusions after their
independent analysis. All other experiments and
analyses were carried out in a blind mode. Thus,
between the data acquisition and analyses, all exper-
iments and analyses are transparent, rigorous and
reproducible.
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RESULTS

Previous studies used a reflex-based animal model of
tinnitus to report that application of retigabine or
SF0034, a potent KCNQ2/3-specific activator,
prevented the development of tinnitus when applied
30 min and up to 4 days after the noise trauma (Li
et al. 2013; Kalappa et al. 2015; Li et al. 2015). In these

studies, behavioral evidence of tinnitus was evaluated
based on the reduced ability of tinnitus mice to detect
a silent sound gap in a continuous background sound.
However, significant skepticism has been generated
regarding the appropriateness of this reflex-based test
in detecting tinnitus (Campolo et al. 2013; Hickox
and Liberman 2014; Boyen et al. 2015). Thus, to assess
the behavioral evidence of tinnitus more accurately,

a

d

b

f

e

c

g

FIG. 2. Transient RL-81 IP application 1 week after noise exposure
reduced the percentage of mice with tinnitus, assessed 2 weeks post
noise exposure. a Timeline of the experimental procedure. b Tone
cross rate in vehicle- and RL-81-treated mice (N = 15 vehicle, 14 RL-
81). c Tone cross rate in tinnitus and non-tinnitus mice (N = 15
vehicle, 14 RL-81). d Silence cross rate in vehicle- and RL-81-treated
mice was not significantly different after noise exposure across days
14–16; an increase found exclusively in the first day of testing, day
14 (N = 15 vehicle, 14 RL-81; days 14–16: F (1,84) = 2.886, P =

0.093; day 14: t (84) = 2.55, P = 0.038). e Silence cross rate in
tinnitus and non-tinnitus mice were significantly different across days
14–16, with the first day of testing, day 14, showing a significant
increase in tinnitus vs. non-tinnitus mice (N = 15 tinnitus, 14 non-
tinnitus; day 14–16: F (1,84) = 11.34, P = 0.0011; day 14: t (84) =
3.268, P = 0.0047). f Representative example of the Z-score metric to
determine tinnitus (vehicle) vs. non-tinnitus (RL-81) in individual
mice. g Percentage of mice with tinnitus (binomial test: P = 0.016)
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we modified and then employed an operant animal
model of tinnitus (Yang et al. 2011; Zuo et al. 2017).
Briefly, mice are conditioned to cross from one side of
the shuttle box to the other when they hear an
external tone and to not cross during silence (Fig. 1a–c).
However, after noise exposure (unilateral left ear, 8–
16 kHz octave broadband noise at 116 dB, for 1 h), mice
that experience tinnitus are expected to cross more in
silence, presumably because they hear the phantom
sound. Thus, increased crossings during silence after noise
exposure, in combination with intact crossing in the
presence of external sound, could reflect behavioral

evidence of tinnitus. To validate this animal model, we
tested the effect of salicylate, which is known to reliably
induce tinnitus. Salicylate, but not saline (vehicle), appli-
cation led to increased crossings in silence (Fig. 1d right; 2-
way ANOVA: after testing saline vs. salicylate: (F = 1,21) =
11.28, P = 0.003) without affecting crossings in sound (Fig.
1d left), thus validating that our protocol likely assesses
tinnitus. In individual mice, salicylate led to a significant
increase in silence cross rates. This increase was at
least 2.5 standard deviations greater than the average
baseline in 80 % of salicylate-treated mice, at least in
one of the 3 days of testing (Fig. 1e, see Methods).

a b ci cii

d e

FIG. 3. Transient RL-81 IP application 1 week after noise exposure
had no effect on noise-induced hearing loss, assessed 3 weeks post
noise exposure. a Representative traces of ABR recordings (in
response to 12 kHz tones) with thresholds highlighted (dotted
rectangle) before and 3 weeks post noise exposure in vehicle- and
RL-81-treated mice for exposed (top) and unexposed (bottom) ear. b
ABR threshold shifts in the exposed ear in vehicle vs. RL-81 in noise-
and sham-exposed mice (NE: N = 15 vehicle; 14 RL-81; SE: N = 5
vehicle; 6 RL-81; 3-way ANOVA exposure: F (1,203) = 41.25,
P G 0.0001; drug condition: F (1,203) = 5.375, P = 0.021). c Effect of

RL-81 on ABR threshold shifts from sham- (ci) and noise-exposed (cii)
mice (sham-exposed: N = 5 vehicle, 6 RL-81; unpaired t test: t (9) =
1.029, P = 0.33; noise-exposed: N = 15 vehicle, 14 RL-81; unpaired t
test: t (27) = 1.448, P = 0.16). d ABR threshold shifts in the unexposed
ear in vehicle vs. RL-81 in noise- and sham-exposed mice (NE: N =
15 vehicle; 14 RL-81; SE: N = 7 vehicle; 5 RL-81; 3-way ANOVA
exposure: F (1,210) = 0.75, P = 0.39; drug condition: F (1,210) =
1.123, P = 0.29). e Average ABR threshold shifts across frequencies in
tinnitus assessed mice (N = 14 non-tinnitus, 15 tinnitus: t (27) =
1.416, P = 0.17)
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Application of this increase in silent cross rate as a
criterion (threshold) for behavioral evidence of tinni-
tus revealed no evidence of tinnitus in saline-treated
mice (Fig. 1e right). We therefore used this criterion
for assessing the behavioral evidence of noise-induced
tinnitus in individual mice.

Next, we tested the effect of intraperitoneal (IP,
5 mg/kg) administration of RL-81 on noise-induced
tinnitus. To determine the critical timing window within
whichRL-81 can potentially treat tinnitus, we administered
RL-81 1 week after the noise exposure twice per day for
5 days every 12 h. Tinnitus was assessed 2 weeks after noise
exposure. Intraperitoneal injections of RL-81 did not
affect crossings in tones (Fig. 2b, c) but reduced the
crossings in silence (Fig. 2d, e). The percentage of mice
that showed tinnitus, as assessed by increased crossings in
silence, was significantly reduced (Fig. 2e–g). This increase
was not caused by inability of mice to hear the tone,
because the crossing rates in tone were not affected by RL-
81 (Fig. 2b). Moreover, the lack of changes in crossing
rates in tone suggests that RL-81 does not cause any
general behavioral or motor problems.

Together, these results suggest that RL-81 affects
the processing of sound in silence, which is the major
symptom of tinnitus. Remarkably, these results suggest
that RL-81 has a therapeutic window of at least 7 days
long and mitigates tinnitus, assessed 2 weeks after
noise trauma. This is a key finding for further
development of the compound, highlighting the
crucial therapeutic potential of RL-81 for tinnitus.

We next tested the effect of RL-81 on hearing. To assess
hearing thresholds, we used auditory brainstem responses
(ABRs), which reflect the synchronous activity of auditory
brainstem nuclei in response to sound arriving from the
auditory nerve (wave I) to the inferior colliculus (wave V)
(Fig. 3a). RL-81 did not affect ABR thresholds in either
sham- or noise-exposedmice (Fig. 3b, c, Table 1). We used
3-way ANOVA analysis to determine how ABR threshold

shifts are affected at different sound frequencies (10–
32 kHz), exposure condition (sham vs. noise exposure)
and drug condition (Vehicle vs. RL-81). We found that
exposure and drug condition had an effect (Fig. 3b,
Table 1: NE: N = 15 vehicle; 14 RL-81; SE: N = 5 vehicle; 6
RL-81; 3-way ANOVA; exposure: F (1,203) = 41.25, P
G 0.0001; drug condition: F (1,203) = 5.375, P = 0.021).
The exposure condition effect was robust and expected,
but the drug effect was weak and unclear. To probe the
drug effect, because frequency had no impact, we
averaged the threshold shifts across frequencies within
animals, and we used unpaired t test (single comparisons)
to examine whether RL-81 affects ABR threshold shifts in
either sham- or noise-exposed mice (Fig. 3c). We found
that RL-81 did not affect ABR threshold shifts in either
sham- or noise-exposed mice (Fig. 3c, Table 1: SE: N = 5
vehicle; 6 RL-81; unpaired t test: t (9) = 1.029, P = 0.33; NE:
N = 15 vehicle; 14 RL-81; unpaired t test: t (27) = 1.448, P =
0.16). Next, we measured ABR thresholds in the unex-
posed ear. We used the same statistical analysis and found
that noise exposure had no effect on hearing thresholds
on the unexposed ear (Fig. 3d, Table 1: NE:N = 15 vehicle;
14 RL-81; SE: N = 7 vehicle; 5 RL-81; exposure: F (1,210) =
0.75, P = 0.39; drug condition: F (1,210) = 1.123, P = 0.29).
Together, these results suggest that RL-81 does not affect
hearing in either sham- or noise-exposed mice.

Finally, consistent with previous studies (Li et al.
2015; Shore and Wu 2019), ABR threshold shifts
were not different between tinnitus and non-
tinnitus mice (Fig. 3e, Table 1: N = 14 non-tinnitus,
15 tinnitus; unpaired t test: t (27) = 1.416, P = 0.17).
Together, these results suggest that the effects of
RL-81 in mitigating tinnitus are not due to
potential protective actions on hearing.

To further explore any potential effects of RL-81
on hearing, we analyzed input (sound intensity)–
output (wave I amplitude) functions between vehicle-
and RL-81-treated mice. These functions revealed no

TABLE 1

Statistical assessment of ABR threshold shifts

Exposed ear Unexposed ear

Three-way ANOVA P value Sig Unpaired t test P value Sig Three-way ANOVA P value Sig

Frequency 0.79 ns Frequency 0.77 ns
Exposure G 0.0001 **** Sham-exposed:

vehicle vs. RL-81
0.33 ns Exposure 0.39 ns

Drug condition 0.021 * Drug condition 0.29 ns
Frequency × exposure 0.97 ns Noise-exposed:

vehicle vs. RL-81
0.16 ns Frequency × exposure 0.98 ns

Frequency × drug condition 0.78 ns Frequency × drug condition 0.47 ns
Exposure × drug condition 0.52 ns Exposure × drug condition 0.05 ns
Frequency × exposure

× drug condition
0.99 ns Tinnitus vs. non-tinnitus 0.17 ns Frequency × exposure

× drug condition
0.76 ns

*P G 0.05

****P G 0.0001
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differences (Fig. 4a–f, Table 2). Additionally, we
performed immunohistochemical analysis of the
noise-exposed cochleae from RL-81- and vehicle-
treated mice to analyze hair cell and synapse density.
We analyzed cochleae from the exposed ear immedi-
ately following the conclusion of the electrophysiolog-
ical experiments. Cochlear sections were imaged in
their entirety at low magnification, thus allowing us to
evaluate the health of the cochlea along its tonotopic
axis (Fig. 4g–k). OHC survival, IHC survival, and
survival of synapses between IHCs and spiral ganglion
neurons (ribbon synapses) were quantified at the
frequency regions that were also assessed by ABR
measurements. We did not observe any differences
between RL-81- and vehicle-treated cochleae in either

IHC/OHC numbers (Fig. 4l–m, Table 3) or synapse
density (Fig. 4n–o, Table 3). These results are
consistent with our electrophysiological data (Figs. 3
and 4) and support that RL-81 does not affect either
cochlea structure or function.

DISCUSSION

The most important finding of our study is the wide
time-window after noise exposure within which RL-81
can reduce the percentage of mice that show tinnitus.
In previous reports, retigabine was administered
30 min and up to 4 days after the acoustic trauma/
hearing loss, and tinnitus was assessed by deficiencies
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FIG. 4. Transient RL-81 IP application 1 week after noise exposure
did not alter either wave I amplitude across frequencies or cochlear
structure, both assessed 3 weeks post noise exposure. a–f Wave I
amplitudes in vehicle vs. RL-81 between sham- and noise-exposed
mice for a 10 kHz, b 12 kHz, c 16 kHz, d 20 kHz, e 24 kHz, and f
32 kHz (no significant differences found; see Table 2). g Cochlear
whole mount stained with antibodies for MyoVIIa (blue), CtBP2 (red),
and GluR2 (green) shows inner hair cells (blue cell bodies with red
nucleus), outer hair cells (blue cell bodies only), and ribbon synapses
(red presynaptic staining adjacent to green postsynaptic staining).
Intact synapses (yellow arrows) are counted when red presynaptic

staining is closely opposed by green postsynaptic staining. Orphan
ribbons (red arrows) consist of presynaptic puncta that are not
opposed by postsynaptic puncta. h, i Representative images of OHCs
from the 16 kHz region of vehicle- (h) and RL-81-treated i cochleae.
(j), (k) Representative images of the 16 kHz area IHCs with ribbon
synapses in vehicle- j and RL-81-treated (k) cochleae. l, m
Quantification of IHC l and OHC m survival from vehicle- and RL-
81-treated mice. n, o Quantification of intact ribbon n and orphan
ribbon synapses o per IHC of vehicle- and RL-81-treated mice.
Vehicle N = 5, RL-81 N = 4; 2-way ANOVA (no significant differ-
ences were found)
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in the gap detection reflex 7 days after noise exposure
(Li et al. 2013, 2015). Patients, on the other hand,
may not seek treatment immediately after the sudden
onset of tinnitus. Therefore, it is crucial that the
critical window during which KCNQ potentiation is
effective against tinnitus is delineated in a validated
animal model. Here, we validated and used an
operant animal model of tinnitus, and showed that
application of RL-81 even 7 days after noise exposure
reduced the percentage of mice that showed tinnitus.
Whereas 7 days is the minimum therapeutic window,
it is optimistic for future clinical trials. However, more
studies are needed to evaluate the full extent of this
therapeutic window. Moreover, the duration of the
therapeutic benefit following transient administration
of RL-81, and whether RL-81 can mitigate tinnitus
when assessed months after noise trauma remain to
be determined. Finally, given that this potential
treatment strategy might be feasible for military
personnel exposed to extremely loud sounds, such
as blast exposure, assessment of RL-81 in a blast-
induced animal model of tinnitus could be beneficial.
Evaluation of these parameters will be useful for
selecting the most appropriate target population for
subsequent clinical trials to assess RL-81 as a tinnitus
treatment strategy.

We found that RL-81 does not affect hearing (Figs.
3a–d and 4) and that hearing is not different between
tinnitus and non-tinnitus mice (Fig. 3e). These results
suggest that the tinnitus behavioral data are not
confounded by potential greater hearing loss. More-
over, the hearing thresholds of the unexposed ear are
not affected after noise exposure (Fig. 3d), suggesting
that mice can reliably hear tones during the tinnitus
assessment protocol. Additionally, input (sound inten-
sity)–output (wave I amplitude) functions revealed no
differences between vehicle and RL-81 treated mice
(Fig. 4a–f, Table 2). These electrophysiological results
along with our immunohistochemical results (Fig. 4g–
o) suggest that RL-81 does not affect hearing either
after noise exposure or in baseline conditions. To-
gether, these results suggest that peripheral auditory
function was not worse in tinnitus-positive animals,
and thus the behavioral data are not confounded by
differential peripheral function. Finally, tinnitus and
non-tinnitus mice performed equally well in tones
(Fig. 2c), but tinnitus and non-tinnitus mice showed
differences in silence (Fig. 2e). Together, all these
results suggest that the behavioral assessment of
tinnitus is not confounded by hearing loss, and that
RL-81 acts centrally in mitigating tinnitus, without
affecting the peripheral auditory system.

TABLE 2

Statistical assessment of input (sound intensity)–output (wave I amplitude)

10–16 kHz 10 kHz 12 kHz 16 kHz
Source of variation P value Sig P value Sig P value Sig
Intensity G 0.0001 **** G 0.0001 **** G 0.0001 ****
Exposure 0.001 *** 0.02 * 0.002 **
Drug condition 0.25 ns 0.42 ns 0.11 ns
Intensity × exposure 0.99 ns 0.99 ns 0.96 ns
Intensity × drug condition 0.99 ns 0.99 ns 0.93 ns
Exposure × drug condition 0.08 ns 0.10 ns 0.07 ns
Intensity × exposure × drug condition 0.99 ns 0.99 ns 0.90 ns
20–32 kHz 20 kHz 24 kHz 32 kHz
Source of variation P value Sig P value Sig P value Sig
Intensity G 0.0001 **** G 0.0001 **** G 0.0001 ****
Exposure 0.67 ns 0.54 ns 0.94 ns
Drug condition 0.46 ns 0.88 ns 0.77 ns
Intensity × exposure 0.94 ns 0.96 ns 0.96 ns
Intensity × drug condition 0.99 ns 0.99 ns 0.99 ns
Exposure × drug condition 0.09 ns 0.29 ns 0.33 ns
Intensity × exposure × drug condition 0.95 ns 0.98 ns 0.96 ns

TABLE 3

Statistical assessment of cochlear histology

IHC survival OHC survival Ribbons/IHC Orphans/IHC
P value Sig P value Sig P value Sig P value Sig

Interaction 0.20 ns 0.77 ns 0.65 ns 0.38 ns
Frequency 0.36 ns 0.59 ns 0.003 *** 0.13 ns
Drug condition 0.38 ns 0.79 ns 0.37 ns 0.27 ns
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The proposed mechanism of action of RL-81 is
consistent with the known mechanisms underlying
effects of KCNQ2/3 channel activators on central
auditory neurons. These mechanisms involve the
classic effects of KCNQ channel openers on
inhibition of subthreshold and suprathreshold
neuronal excitability (Delmas and Brown 2005;
Soldovieri et al. 2011). Because KCNQ channel
activators are very efficient at inhibiting neuronal
excitability, they have been used and considered
potential treatments for mitigating the symptoms of
hyperexcitability-related disorders such as epilepsy,
tinnitus, neuropathic pain, amyotrophic lateral
sclerosis, and traumatic brain injury (Jentsch et al.
2000; Delmas and Brown 2005; Korsgaard et al.
2005; Munro and Dalby-Brown 2007; Li et al. 2013;
Wainger et al. 2014; Vigil et al. 2019). As such, and
given the recent removal from the market of the
FDA-approved KCNQ2-5 activator retigabine, devel-
opment of novel KCNQ2/3-specific channel activa-
tors with drug-like properties is an unmet need
and a highly active research topic in medicinal
chemistry (Ostacolo et al. 2020; Liu et al. 2019). As
demonstrated by previous studies, RL-81 is more
selective and potent than retigabine (Kumar et al.
2016). Combined with the increased chemical
stability as a function of the fluorinated backbone
structure in RL-81, RL-81 is less likely to exhibit
the clinical pathology characteristic of retigabine.
Further toxicology assessments and a transition to
early clinical evaluation are therefore in progress.
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