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ABSTRACT

Optogenetic control of neural activity enables innovative approaches to improve functional restoration of
diseased sensory and motor systems. For clinical translation to succeed, optogenetic stimulation needs to
closely match the coding properties of the targeted neuronal population and employ optimally operating
emitters. This requires the customization of channelrhodopsins, emitters and coding strategies. Here, we
provide a framework to parametrize optogenetic neural control and apply it to the auditory pathway that
requires high temporal fidelity of stimulation. We used a viral gene transfer of ultrafast targeting-
optimized Chronos into spiral ganglion neurons (SGNs) of the cochlea of mice. We characterized the
light-evoked response by in vivo recordings from individual SGNs and neurons of the anteroventral
cochlear nucleus (AVCN) that detect coincident SGN inputs. Our recordings from single SGNs demon-
strated that their spike probability can be graded by adjusting the duration of light pulses at constant
intensity, which optimally serves efficient laser diode operation. We identified an effective pulse width of
1.6 ms to maximize encoding in SGNs at the maximal light intensity employed here (~35 mW). Alter-
natively, SGNs were activated at lower energy thresholds using short light pulses (<1 ms). An upper
boundary of optical stimulation rates was identified at 316 Hz, inducing a robust spike rate adaptation
that required a few tens of milliseconds to recover. We developed a semi-stochastic stimulation para-
digm to rapidly (within minutes) estimate the input/output function from light to SGN firing and
approximate the time constant of neuronal integration in the AVCN. By that, our data pave the way to

design the sound coding strategies of future optical cochlear implants.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

dysfunctional or lost receptor cells via direct control of the activity
of afferent neurons (for review, [2,3]). Cellular specificity and

Optogenetics has revolutionized the life sciences by enabling
genetically, anatomically and temporally precise interrogations of
organ functions, in particular of the brain and its neural circuits (for
review, [1]). This technique also unlocked new perspectives for
restoring the function in diseased sensory systems by bypassing
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spatial confinement of optogenetic stimulation promise an
improvement of functional restoration beyond what is amenable to
electrical stimulation currently used in cochlear and retinal im-
plants. The clinical feasibility of this approach was recently proven
by the first-in-human trial allowing partial vision restoration in a
blind patient [4]. Similarly, optogenetics is an attractive alternative
to electrical stimulation for restoring motor function or controlling
chronic pain [5—7].

Applying optogenetics to the first neurons of the auditory
pathway, the spiral ganglion neurons (SGN), enables new oppor-
tunities for improving strategies for hearing restoration [2,3]. We
recently demonstrated a major gain in spectral selectivity for
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optogenetic stimulation of the SGNs over the conventional electric
stimulation used by electrical cochlear implants (eCl, [8—12]). This
promises that future optical cochlear implants (oCI) will operate
with a greater number of independently stimulating channels,
which expectedly convey more natural sound perception and
improve speech understanding in the presence of background
noise as well as music appreciation [2,3]. However, improving the
spectral code with optical stimulation should not trade in poor
temporal coding e.g. due to slow gating of channelrhodopsins
(ChR). Hence, efforts have been undertaken to speed up opto-
genetic control of SGNs by ultrafast ChRs [13—15].

The outlined case of optogenetic hearing restoration exemplifies
that establishing optimal optogenetic control of neural activity in a
given circuit is far from trivial. It requires a good tuning of ChR
membrane expression and matching of the biophysical opsin
properties [13—16] to the neuron's excitability [17], and the iden-
tification of optimal simulation parameters, also regarding the
operation of the chosen emitters. For a neuronal population of in-
terest, this typically necessitates the empirical measurement of the
input/output function from light to spike in different illumination
conditions [16—19]. This is also highly relevant to the optogenetic
stimulation of the auditory pathway. To date, the expression of
various ChRs in SGNs has been achieved (channelrhodopsin-2:
[10,20]; CatCh: [9,11,21]; fast and very-fast-Chrimson variants:
[13,15]; and Chronos [14,22]). In response to saturating light pulses
delivered at a low repetition rate (10—50 light pulse per second,
pps), SGNs fire one (CatCh, Chronos and f- and vf-Chrimson) to
three (CatCh) action potentials with a sub-millisecond precision
(first spike latency jitter ~ 0.25 ms, [13—15,21]).

Recordings from cultured hippocampal neurons showed that
the maximum repetition rate at which light pulses entrain action
potentials is co-determined by the photocurrent amplitude, the
closing kinetics of the opsin, and the intrinsic maximum firing rate
of the neuron [18,23]. SGNs recorded in vivo, show a similar rela-
tionship when expressing ChRs with closing time constants >3 ms
(at body temperature, (CatCh: [21]; f-Chrimson: [15]). Yet, the
greatest temporal fidelity that was achieved with faster closing
opsins such as Chronos (<1 ms) and vf-Chrimson (~1.5 ms) did not
enable light-synchronized firing to surpass 200 pps of stimulation
[13,14] suggesting an influence of parameters other than the closing
kinetics. Another important dimension for bionic encoding is the
range of the stimulus intensity which is represented by the neu-
ron's spike rate and spike temporal precision. Recently, we showed
a dynamic range of ~4 or 1 dB in SGNs expressing f- or vf-Chrimson,
respectively [13] that indicates that the dynamic range depends on
the ChR employed.

To date, multiple unanswered questions remain to be addressed
en route to the application of optogenetics for hearing restoration.
How can we gradually activate neurons at high light irradiance as
required for the efficient operation of semiconductor lasers (i.e.
using strong and sub-millisecond driver current pulses)? Is there an
optimal pulse width for efficient intensity encoding? Does the
temporal precision of optically evoked action potentials comply
with the integration window of the second-order neurons (i.e. the
anteroventral cochlear nucleus, AVCN neurons)?

Here, we addressed these questions by in vivo recordings from
single SGNs expressing the ultrafast trafficking-optimized Chronos
(Chronos-ES/TS, Toff = 0.76 ms at body temperature [14]) in mice.
We demonstrated that graded SGN activation (as well as AVCN
neuron activation) is achieved by adjusting the width of light pul-
ses. This mimicked what can be achieved with acoustic clicks of
different sound pressure levels but constant duration. Under our
experimental conditions, we found that with a pulse width of
1.6 ms at maximum light intensity (~35 mW), SGNs fired most
reliably and with high temporal precision. The shorter the light
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pulses the lower was the energy threshold of activation. Further, we
identified that high-rate optical stimulation induced spike failure
likely by depolarization block, which took a few tens of millisec-
onds to recover. Our data revealed that the timing of optogeneti-
cally evoked SGN spikes varied little across iterations for a given
neuron but substantially within a SGN population. Finally, a novel
semi-stochastic stimulus allowed us to rapidly establish the opto-
genetic SGN input/output function and to generate firing of
different statistics for approximating the time constant of neuronal
integration in AVCN neurons.

2. Results

To characterize the encoding of optogenetic cochlear stimula-
tion by the first two neuronal populations of the auditory pathway,
we performed stereotactic in vivo single unit recordings from SGNs
and AVCN neurons in response to acoustic (Fig. 1A) or optogenetic
Fig. 1B) stimulations. For optogenetic stimulation, SGNs were
transduced by a postnatal AAV injection to express the fast-closing,
trafficking-optimized Chronos (Chronos-ES/TS) under the control
of the human synapsin promoter [ 14]. The light was delivered in the
cochlea via an optical fiber coupled to a blue laser A = 473 nm. Out
of 55 injected mice, 49 showed an optogenetic activation of the
auditory pathway characterized by optogenetically evoked auditory
brainstem responses (0ABR, Fig. S1. A-C, Py—N; amplitude at light
intensity (or radiant flux, radiant energy) of 35 mW,
351 =2.00 + 0.41 pV, threshold = 12.19 + 1.59 mW, 12.19 + 1.59 ],
average + 95% confidence interval). We note that, unfortunately,
our experimental set-up did not allow a direct estimation of the
irradiance at the respective cochlear positions. Instead, we have
previously employed Monte Carlo simulations of optical rays
emitted from light sources placed at different cochlear positions to
estimate the irradiance at the neural soma of the spiral ganglion
neurons. Dependent on the light intensity, position and beam
profile of the light source, we found maximal irradiances at the
neural soma of up to 60 mW/mm? [9,12,21]. Moreover, the neural
response also depends on the AAV-mediated ChR expression. Here,
across all AAV-injected cochleae, 64.14 + 5.97% of the SGNs were
transduced (Fig. S1). The lowest oABR thresholds were measured
for the cochleae with the highest transduction rate (Fig. S1.K, cor-
relation coefficient = —0.44, P = .00039). Interestingly, the oABR
amplitude was not correlated with the transduction rate (Fig. S1.L).

2.1. Graded optogenetic activation of spiral ganglion neurons by
light pulses of increasing duration

Laser diodes, which are potential candidates of semiconductor
emitters for future optical cochlear implants, show their best effi-
ciency at strong and brief driver currents. This technical require-
ment imposes that gradual SGN activation is achieved by light
pulses of different durations. Gradual neuronal activation can be
optogenetically achieved by controlling the number of photons
reaching the channelrhodopsins (ChR) expressed at the membrane
of neurons. Experimentally, this can be done by varying the light
intensity and/or the light pulse duration [14—16,18,21].

First, we assessed the encoding of the optogenetic and acoustic
stimulus strength in SGNs. We varied the light pulse duration at a
fixed strong light intensity. We compared optogenetic responses to
those evoked by brief acoustic stimuli (submillisecond clicks of
variable sound pressur levels, refered later as "click intensities", but
fixed duration) recorded from non-optogenetically modified SGNs
(Fig. 1C-D, top row; optic, n = 31 SGNs recorded from 6 mice,
maximal laser output stimulation = 35 + 0.35 mW, 35 + 0.35 p,
average + 95% confidence interval; acoustic, n = 81 SGNs recorded
from 8 mice). All conditions of stimulus strength (light pulse
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Fig. 1. Gradual optogenetic activation of the first neurons of the auditory pathway with light pulses of increasing durations. A-B. Schematic of the in vivo single unit re-
cordings using sharp micropipettes from spiral ganglion neurons (SGNs, black), optogenetically modified SGNs (blue) or neurons of the anteroventral cochlear nucleus (AVCN,
acoustic: purple and optogenetic: orange) in response to acoustic click (A) or optogenetic (B) stimulation delivered to the cochlea from an optical fiber (400 ms train stimulation
followed by 100 ms silence/dark, 10—20 trials per condition, all data are paired). C-D. Representative raster plots from one SGN (top panel) and one AVCN neuron (bottom panel) in
response to single acoustic clicks at various sound pressure levels (C, click trains presented at 10 clicks per second, cps) or single light pulses of different pulse durations (D, ~35 mW
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Fig. 2. Heterogeneous optogenetic activation of the SGNs and artificial population response. A-C. Quantification of the spikes per light pulse (A), first spike latency (B) and first
spike latency jitter (C) as a function of the average SGN transduction rate. Measurements were done in response to 100 pps light pulse trains of 1.6 ms (n = 35 SGNs). A color code
was used per animal. No correlation was found (correlation coefficient test). D-F. Quantification of the number of spikes per stimulus (D), first spike latency (E) and first spike
latency jitter (F) computed across SGNs recorded from a single animal (>4 SGNs, thin colored line, same color code as in A-C) and all recorded SGNs (grey background, 100 cps
acoustic click train: n = 20 SGNs with the best frequency within the 16 kHz octave band; blue background, optogenetics, 100 pps light pulse trais: n = 47 SGNs). (For interpretation

of the references to color in this figure legend, the reader is referred to the Web version of this article.)

durations for the optogenetically modified SGNs or acoustical click
intensities for the native SGNs) were recorded from the same
neuron to enable paired comparison between the different condi-
tions. The number of spikes per stimulus increased with the light
pulse duration from 0.47 + 0.17 at 0.4 ms to 1.15 + 0.15 at 3.2 ms
(P = 1.03 x 107>, Wilcoxon signed rank test on paired samples
followed by a multi-comparison test); and with the acoustic click
intensity (Fig. 1C-E) from 0.69 + 0.09 at 60 dB SPLpg to 1.2 + 0.11 at
80 dB SPLpg (P = 2.84 x 10~'4). The optimal representation of one
spike per stimulus was achieved by a 1.6 ms light pulse and an
acoustic click between 70 and 80 dB SPL. Both, varying light pulse
durations and click intensities gradually activated the input of the
auditory pathway.

The latency and temporal precision of the first spike elicited per
stimulus also showed a strong dependence on the stimulation
strength (Fig. 1F-G). Optogenetically, the first spike latency was
significantly longer for light pulses of 0.4 ms (2.40 + 0.20 ms)
compared to light pulses of 0.8, 1.6 and 3.2 ms (2.21 + 0.15 ms,
2.22 + 0.15 ms and 2.26 + 0.16 ms respectively, P <.0021, Wilcoxon
signed rank test on paired samples followed by a Bonferroni
correction). The temporal precision was highest in response to light
pulses of 1.6 ms (first spike latency jitter = 97.8 + 34.7 us) and
0.8 ms (99.4 + 29.4 pus) compared to 0.4 and 3.2 ms light pulses

(129.9 + 41 ps and 120.3 + 46.7 ps respectively, P <.015, Wilcoxon
signed rank test on paired samples followed by a Bonferroni
correction). Acoustically, the first spike latency decreased from
2.49 + 0.17 ms at 60 dB SPLpg to 1.86 + 0.06 ms at 80 dB SPLpg (P =
8.19 x 10~ ). Likewise, the jitter of the first spike latency decreased
from 1.37 + 0.18 ms at 60 dB SPLpg to 0.61 + 0.08 ms at 80 dB SPLpg
(P = 5.51 x 107°). Surprisingly, given the need for cochlear sound
processing upstream of SGN spike generation in the auditory
pathway, the first spike latency in response to 80 dB SPLpg acoustic
click was significantly shorter than all optogenetically tested con-
ditions (P <.0019, Kruskal-Wallis test followed by a Tukey's Hon-
estly Significant Difference Procedure). Yet, direct light activation of
SGNs showed smaller (one order of magnitude) temporal jitter of
the first spike than for acoustic stimulation.

Apart from SGNs, we also recorded from AVCN neurons (see
methods section for differentiation between recordings from SGNs
and AVCN neurons). We discarded about 30% of the AVCN neurons
that encoded the stimulus weakly (<0.3 spikes/stimulus for any of
the tested conditions). For all tested conditions, the first spike la-
tency of AVCN neurons was significantly longer than for SGNs
reflecting the SGN conduction and synaptic transmission (Fig. 1C, F,
P <.0033, Jarque-Bera test followed accordingly by a two-sample t-
test or a Wilcoxon rank sum test). For most tested conditions, the

light pulses delivered at 10 pulses per second, pps). Note that acoustic and optogenetic experiments were done from two distinctive cohorts of animals, but SGNs and AVCN neurons
were recorded from the same animals respectively. E-G. Quantification of the number of spikes per stimulus (E), first spike latency (F) and first spike latency jitter (G) as a function of
the click sound pressure level ("click intensity") for the acoustic modality (grey background) or the light pulse duration for the optogenetic modality (blue background). The color
code is similar to panels A—D. The number of units per group is presented in the inset of panel E. Data are represented as mean and confidence interval (95%). The effect of the click
intensities and light pulse durations was tested by a Wilcoxon signed rank test on paired samples followed by a Bonferroni correction of the p-values. The difference between SGNs
and AVCN neurons was tested by a two-sample t-test or a Wilcoxon rank sum test according to the outcome of Jarque-Bera normality testing (grey symbols; *, P <.05; **, P <.01;
#xk P < 001). H-L. Same as C-G in response to 100 cps acoustic click or 100 pps light pulse trains. Note that the units presented in H—I are the same as in C-D. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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raster plot boxes highlight response above the threshold which was determined as the light intensities for which d’ > 1 (see Methods). B. Rate level functions of 29 SGNs measured
in response to light pulse trains using various light pulse durations. A color code was used to represent non-responding (grey), non-saturating (purple) and saturating (orange) units
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variance or a Kruskal-Wallis test (*, P <.05; **, P <.01; *** P <.001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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to oABR threshold,» Din width = 1 dB). A. Representative raster plot of a SGN undergoing the forward masking protocol at 4.67 dB,ej oapr thr- A color code is used to represent the different
time intervals. B. Recovery curve (i.e. spike probability curve as a function of the time interval) of the unit presented in A. The recovery curve was fitted (y = max (0, a xe"knm)rto
define the absolute recovery (i.e. time required to recover any firing, - k) and time to relative recovery (i.e. time required to recover 95% of the spike probability, - k + (3 x b)). C. The
discharge rate as a function of the adaptation ratio allowed to cluster SGNs as non-adapted (i.e. adaptation ratio <1.8 and discharge rate >100 spikes/s) and fully adapted. A color
code is used for the different levels (D). D. The average (+95% confidence interval) recovery curve measured from fully adapted SGNs at 3 (black, n = 8), 5 (orange, n = 35), 7 (green,
n = 22) dBrelative to 0ABR threshold (Din width = 2 dB). E-F. Quantification of the time to absolute (E) and relative (F) recovery as a function of the light pulse level for the fully adapted
SGNs. The same color code is used as in C. Box plots show minimum, 25th percentile, median, 75th percentile, and maximum with individual data points overlaid. No significant
difference was observed between the different tested levels (Jarque-Bera test followed by a Kruskal-Wallis test). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

representation of the stimulus in terms of the number of spikes was best representation of the light pulse in the SGNs firing was ach-
weaker for AVCN neurons compared to SGNs (0.4, 0.8 and 1.6 ms ieved at 1.6 ms (0.74 + 0.10 spike/stimulus) and decreased for
light pulse: P <.0159; 70 and 80 dB SPLpg acoustic clicks: P <.0114). shorter and longer pulse durations (0.4 ms: 0.17 + 0.09; 0.8 ms:
Interestingly, this difference decreased for optogenetic stimulation 0.56 +0.12; 3.2 ms: 0.56 + 0.13, P <.0012, Wilcoxon signed rank test
with increasing stimulation duration (strength) from 0.36 at 0.4 ms on paired samples followed by a Bonferroni correction). Spike rate

to 0.09 at 3.2 ms. For acoustic stimulation, in contrast, the differ- adaptation (i.e. adaptation ratio >1, the ratio of the discharge rate
ence increased with stimulation strength from 0.24 at 60 dB SPLpg between the first 50 ms of the train and the first 400 ms) was
to 0.53 at 80 dB SPLpg. This suggests a better recoding of opto- evident throughout pulse durations. Adaptation was significantly
genetic stimuli compared to acoustic stimuli by the recorded AVCN less at 1.6 ms than at 0.8 and 3.2 ms (Fig. S2.B, P <.0012, Wilcoxon
neurons. signed rank test on paired samples followed by a Bonferroni

Next, we investigated if the graded activation of the auditory correction). Upon acoustic stimulation, the number of spikes per
pathway by various durations of individual light pulses was present stimulus increased approximately linearly with the click intensity
also during light pulse trains of high repetition rates (100, 316 and from 0.63 + 0.08 at 60 dB SPLpg to 1.00 + 0.08 at 80 dB SPLpg. No
1000 pps, Fig. 1H-L, Fig. S2). Again, we compared optogenetic adaptation of the firing rate was observed at any tested click in-
stimulation to acoustic stimulation, here at various intensities. At tensity (adaptation ratio ~ 1, Fig. S2.B). The timing and temporal
316 and 1000 pps, the firing of most SGNs fully adapted (i.e. spike precision of the first spike were differently affected by the stimu-
rate decreased to O spikes/s) within the first few presentations of lation strength between the 2 modalities. Optogenetically, the
the light pulses (Fig. S2.C-F). This rapid spike rate adaptation is shortest first spike latency was measured for light pulses of 0.8 ms
consistent with our previous recordings of SGN firing mediated by (Fig. 1K, 2.56 + 0.15 ms, P <.0093) and the precision was the highest
Chronos-ES/TS [14] and vf-Chrimson [13]. Hence, we focused the for light pulses of 0.8 and 1.6 ms (Fig. 1.L, first spike latency
analysis on 100 pps stimulation trains. While the number of spikes jitter = 0.30 + 0.06 ms and 0.28 + 0.06 ms respectively, P < .02
per stimulus was generally lower for light pulse trains, we observed compared to 0.4 and 3.2 ms). Acoustically, however, the first spike
a dependence of SGN firing on stimulus strength similar to what latency and first spike latency jitter decreased with the sound
was found for individual light pulses/clicks. Optogenetically the pressure level. It is worth mentioning that acoustically, the
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Fig. 5. Input/output function from light to SGN firing can be measured in minutes by a semi-stochastic stimulus. An optical semi-stochastic stimulus (light intensity = 38 mW)
was constructed from 20 presentations of random permutation of repetition rates (10, 56, 100, 179, 313 pps and color-coded in the figure) and light pulse durations (0.2, 0.4, 0.6, 0.8,
1.2, 1.6, 2.4 ms). The stochastic stimulus was preceded by a masker (10 light pulses of 0.8 ms) and followed by 200 ms of dark per trial. It was compared to an acoustic stimulus
constructed from 20 presentations of acoustic click trains containing random permutations of repetition rates (10, 56, 100, 179, 313 cps) and presented at 60, 70 and 80 dB SPLpg.
Additionally, a forward masking protocol was included in the optogenetic stimulus with time intervals of 15 and 80 ms. A. Single iteration of the optical stochastic stimulus (A, top
and magnification of the stimulus, A,) and the response of representative SGNs (A;, bottom). B—C. Raster plots from representative acoustic (B, grey background) and optically (C,
blue background) evoked (0-)SGNs. D-F. Quantification of the number of spikes per stimulus (D), first spike latency (E) and first spike latency jitter (F) as a function of the sound
pressure level for the acoustic modality (grey background, n = 26, best frequency within the 16 kHz octave band) and light pulse duration for the optogenetic modality (blue
background, n = 13). Data are represented as mean and confidence interval (95%). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

temporal precision (i.e. the inverse of the spike jitter) was similar
for single pulses and 100 pps train stimuli, while optogenetically
the precision decreased by a factor of ~3.

At the AVCN level, the number of spikes per light pulse was
comparable to what was observed for SGNs (Fig. 1]). In contrast, the
number of spikes per acoustic click was reduced in the AVCN
neurons compared to the SGNs (80 dB SPLpg, P = .0257). For all
modalities and conditions, the first spike precision was lower for
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AVCN neurons than for SGNs (Fig. 1.L, P <.0268) and, in general, was
less sensitive to the stimulation strength.

The encoding of light pulses varied widely across SGNs, even
when recorded from the same animal and it seemed independent
of the transduction rate measured for the animal's cochleae
(Fig. 2A-C, n = 35 SGNs from 16 mice, 100 pps light pulse train of
1.6 ms, no correlation was found, correlation coefficient function in
MatLab). The origin of this heterogeneity is currently unknown, but
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Fig. 6. Heterogeneous responses among SGNs within a single animal. A. Quantification of the number of spikes per light pulse as a function of the repetition rate and light pulse
duration from 11 SGNs measured from the same animal. Data are represented as mean and confidence interval (95%). B. The numbers of spikes per light pulse measured at all
conditions of repetition rates and light pulse durations were used to perform a principal component analysis (PCA, first 2 components explain 91.4% of the variance) which highlight
the presence of 3 SGN clusters (cluster 1, green, n = 3; cluster 2, orange, n = 6; cluster 3, purple, n = 2). C-D. Quantification of the number of spikes per light pulse for the 3 SGN
clusters as a function of the light pulse duration at 10 (C) and 179 pps (D). Data are represented as the mean and standard error of the mean. E. Quantification of the light pulse
duration threshold as a function of the repetition rate per cluster. The average linear regression (and standard error of the mean) between threshold and repetition rate is rep-
resented by the light fill. The threshold difference between clusters was tested using a Kruskal-Wallis test followed by a Tukey's Honestly Significant Difference Procedure (*,
P <.05). F. Quantification of the light pulse threshold dependency on the repetition rate (i.e. the slope of the linear regression between the duration threshold and the repetition
rate). Box plots show minimum, 25th percentile, median, 75th percentile, and maximum with individual data points overlaid. The difference between clusters was tested using a
Kruskal-Wallis test followed by a Tukey's Honestly Significant Difference Procedure (*, P <.05; **, P <.01). G. Quantification of the first spike latency (left) and first spike latency
jitter (right) measured in response to the condition: repetition rate = 10 pps and light pulse duration = 2.4 ms per cluster. No difference was measured between clusters (Kruskal-
Wallis test). H. Quantification of the spike probability recovery (forward masking protocol as described in Fig. 3) at 15 ms (left) and 80 ms (right) per cluster. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

possible mechanisms include i) heterogeneous ChR expression of The best SGN encoding was obtained with 1.6 ms light pulses (at ~
the SGNs, ii) different distances of the SGNs to the light source, and 35 mW) and those spike trains were characterized by a high spike

iii) varying neuron excitabilities, resulting from variability in the time precision (compared to acoustic stimulation). In contrast to
voltage gated ion channels [25—28]. As a result, AVCN neurons previous studies using acoustic stimuli in cats and Mongolian ger-
might receive excitatory inputs that are less synchronous than bils [29,30], no enhancement of the spike rate or temporal precision
originally quantified from individual optogenetically driven SGNs. was observed within the small population of recorded AVCN neu-
To approximate this effect, we computationally simulated a popu- rons compared to the SGNs for both acoustic and optogenetic
lation of SGNs from our single SGN recordings and measured the stimulation.

statistics of the spike trains across SGNs per stimulus presentation

(Fig. 2D-F, see Methods for details, 50 bootstraps per condition; 22, Identifying the optimal pulse duration to encode light pulse
optogenetics, n = 47 SGNs; acoustic, n = 20 SGNs with the best amplitudes

frequency within the 16 kHz octave band). As expected, the number

of spikes per light pulse (Fig. 2D) and the latency of the first spike Next, we covaried the pulse duration and the light intensity for a
(Fig. 2E) quantified at the population level were similar to the  more comprehensive analysis of optogenetic encoding. Acousti-
averaged results observed for single SGNs across all pulse dura-  cally, the stimulus intensity is encoded in individual SGNs, with
tions. In contrast, the first spike latency jitter was strikingly higher  djfferent activation thresholds [31—35], by changes in their firing
at the population level and amounted to half of the population rate over ~5—50 dB). Hence, each of them encodes a fraction of the
spike jitter measured acoustically (Fig. 2F). This last result suggests audible dynamic range of ~120 dB. The response of the SGNs to
that the responses to acoustic and optogenetic modalities are not as sound of various intensities is shaped by multiple mechanisms such
dissimilar as suggested by the quantification made on single a5 the cochlear active micromechanics [36] and the inner hair cell
neurons. synapses heterogeneity [37,38], which are bypassed in direct SGN

Overall, our results showed that varying the duration of high stimulation by cochlear implants. Using electric pulses, the dy-
light intensity pulses enables a graded activation of SGNs similarly namic range per SGNs is limited to ~1 dB (current level) [39]. We
to what is achieved by changing the intensity of an acoustic click. recently reported intensity encoding by ChR-expressing SGNs and
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Web version of this article.)
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the measured dynamic ranges were dependent on the used opsin
ranging from ~1 to ~4 dB [13].

To address optogenetic intensity encoding, we recorded the
response to 100 pps light pulse trains of 0.4, 0.8, 1.6 and 3.2 ms in a
single neuron at as many light intensities as amenable within the
time the recording lasted (Fig. 3A, 20 iterations, 400 ms light pulse
train, 100 ms dark). Here, we included a total of 29 SGNs from 12
mice for which at least 4 light intensities were presented, and for
which the dynamic range was covered from sub-threshold to above
the neuron's saturation for at least one of the tested pulse duration
(see Methods for details). To facilitate comparison between ani-
mals, light intensities were converted to a level relative to the oABR
threshold (as introduced in [13], see Methods, dBye] to 0ABR thr.)- At
the threshold, the optogenetic SGN response is characterized by a
strong adaptation of firing during the first ~100 ms [13] following
the stimulus onset, therefore the rate-level functions (RLF, Fig. 3B)
were built intentionally from the adapted rate (between 100 and
400 ms, green box in Fig. 3A). Additionally, the stimulus energy,
between 100 and 400 ms (30 light pulses), was calculated and used
for comparing the threshold across SGNs.

RLFs, classified as non-responding, saturating, or non-
saturating, could be derived from every tested pulse duration
with the highest proportion of responding units observed at 1.6 ms
(28 responding units out of 29 recorded ones vs. 9, 23 and
23 responding units at 0.4, 0.8 and 3.2 ms respectively, Fig. 3B).
When data permitted, we determined a firing rate-based SGN
threshold using d’ statistics [13,40,41]. Expressed as the power
relative to the oABR threshold, the single SGN threshold tended to
decrease with the pulse duration. Compared to 0.8 ms light pulses
(2.97 + 1.34 dBre] 0ABR thr, average + 95% confidence interval, n = 19
SGNs, Fig. S3), the lowest threshold per SGN was measured at
1.6 ms (1.64 + 1.24 dBye| 0aBR thr, P = .0006, Wilcoxon signed rank
test on paired samples followed by a Bonferroni correction). It is
worth noting that at 0.8 and 3.2 ms, the RLFs classified as saturated
were activated ~2.5 dB lower than non-saturated RLFs (P < .0204,
Jarque-Bera test followed accordingly by one-way analysis of vari-
ance or a Kruskal-Wallis test). This suggests that all RLFs could have
been saturated if a more powerful light emitter would have been
used. When the threshold was expressed as the amount of energy
required to generate the light pulse trains, the threshold was
inversely proportional to the pulse duration (Fig. 3C). The lowest
threshold per SGN was measured in response to 0.8 ms light pulse
train (30 light pulses) and amounted to 615.03 + 126.6 pJ (~20.5 pJ/
pulse, 1.6 ms: 921.14 + 192.4 uJ, P=.0004; 3.2 ms: 2034.5 + 503.6 1,
P =.0004). Next, we measured the dynamic range (i.e. level dif-
ference from threshold to 99% of the maximum adapted firing rate
for a saturating SGN or to the highest tested level for a non-
saturating SGN, n = 21 SGNs, Fig. 3D) and the light-driven rate
range (i.e. discharge rate difference from threshold to 99% of the
maximum driven rate for a saturating SGN or to highest tested level
for a non-saturating SGN, n = 21 SGNs, Fig. 3E). Again the 1.6 ms
stimulations generated the widest dynamic ranges and driven rate
(3.28 + 1.00 dB and 85.41 + 7.77 spikes/s) compared to 0.8
(2.37 + 1.15dB, P =.0035; 58.60 + 18.18 spikes/s, P =.0172). Under
the limited maximum light intensity (~35 mW) available, these
results suggest that the best intensity encoding in terms of the
number of recruited SGNs, thresholds (expressed as intensity),
dynamic ranges and light driven rate was achieved using 1.6 ms
light pulses.

2.3. Recovery from optogenetically-induced masking
In response to ongoing intense sounds (e.g. a few tens of mi-

nutes), SGNs continue to fire at a few hundred spikes per second
[42]. Optogenetically, most SGNs tonically encode light pulse trains
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up to a stimulation rate of one to four hundred pulses per second
(which depends on the biophysical properties of the opsin) and
fully adapt at higher stimulation rates (Fig. S2, [13—15,21]). How
long does it take for SGNs to recover and be responsive again?

To address this question, we designed a so-called optogenetic
forward masking protocol (Fig. 4A, 20 iterations). The stimulus was
composed of a masker (10 light pulses of 1.6 ms presented at 316
pps) followed by a single light pulse (1.6 ms) presented at different
time intervals (A t) ranging from 4 to 180 ms. We primarily
employed the maximal light intensity of our experimental system
(35 + 0.35 mW). We, then, repeated the experiment at as many
intensities as possible to assess if the recovery was level dependent.
We recorded in total 59 SGNs from 11 mice. In about 15% of the
recorded SGNs, the firing was not adapted by the masker (Fig. 4C)
and therefore recovery could not be assessed. For the adapted SGNs,
anormalized spike probability curve was built (Fig. 4B, D) and fitted
by a mathematical model to extract the time of absolute (i.e. the
time needed to recover any firing, see Methods) and relative re-
covery (i.e. the time needed to recover 95% of the normalized spike
probability). The absolute recovery was level independent and
amounted to 7.4 + 0.67 ms, 16.45 + 3.88 ms and 12.98 + 2.64 ms at
3,5and 7 dBrel. to oaBR thr. (Fig. 4E, average + 95% confidence interval,
bin width = 2 dB, Jarque-Bera test followed by a Kruskal-Wallis
test). Similarly, the time to relative recovery was level indepen-
dent and amounted to 36.56 + 18.98 ms, 44.01 + 17.60 ms and
27.61 + 9.41 ms at 3, 5 and 7 dBye|. to 0aBR thr (Fig. 4F). Recovery time
varied starkly and spanned over two orders of magnitude across
SGNs, thus revealing another major heterogeneity among them.
Acoustically, the time of recovery from a previous stimulus depends
on the spontaneous activity of the given SGN: SGNs with a spon-
taneous activity >18 spikes/s recovering the fastest [43]. We did not
observe in our data a correlation between the time to relative re-
covery and the spontaneous activity (Fig. S4.A) or the number of
spikes elicited per light pulse (Fig. S4.B). We note that the sponta-
neous activity of SGNs was highly reduced compared to previous
reports under physiological conditions [34]. The spontaneous ac-
tivity amounted to 0.29 + 0.11 spikes/s with the highest value at
2.04 spikes/s. We hypothesize that the reduction of spontaneous
activity is caused by the loss of the perilymph (e.g. one of the
cochlear fluids) following the opening of the cochlea and insertion
of the optical fiber.

2.4. Semi-stochastic stimulation for rapid estimation of the input/
output function from light to neural firing

The empirical estimation of the range of optogenetic stimulation
properties appropriate for neural encoding is a tedious task.
Especially, if all relevant properties have to be tested in a deter-
ministic manner that often results in missing data, which limits the
statistical power of the analysis. To overcome this limitation and
rapidly measure the input/output function from light to SGN firing,
we designed a semi-stochastic stimulus (Fig. 5A) to randomly test
35 combinations of repetition rates (10, 56, 100, 179 and 313 pps)
and pulse durations (0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 2.4 ms) by a single
round of stimulation. Each combination was randomly tested 10
times per stimulus iteration and the presentation order was ran-
domized for each of the 20 presented iterations, resulting in 200
presentations per combination. Each iteration started with 10 light
pulses 2.4 ms presented at 100 pps to adapt the firing and bring the
opsin into a desensitized state. Each iteration finished with a
200 ms dark period. Additionally, a forward masking protocol,
testing for the time intervals of 15 and 80 ms was included.
Consequently, the total duration of the acquisition was 210 s. Re-
cordings were conducted at maximum light intensity
(35 +£ 0.35 mW). As it was done with the deterministic stimuli
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before (Fig. 1), the optogenetic stimulus was compared to an
equivalent acoustic stimulus, recorded from non-AAV-injected
mice, composed of acoustical clicks and presented at various
sound levels (60, 70 and 80 dB SPLpg).

A total of 13 SGNs were recorded from 2 mice for the optical
stimulus and 26 SGNs from 3 mice for the acoustic one. Following
reverse correlation and deconvolution (see Methods), raster plots
for all tested conditions were built (Fig. 5B-C) and their spike sta-
tistics were computed (Fig. 5D-F). As seen for the deterministic
stimuli, the number of spikes per stimulus increased with the
stimulation strength for both modalities (Fig. 5D). For all light pulse
durations or sound intensities, the highest number of spikes per
stimulus, shortest latency and highest synchronization were ach-
ieved with 10 pps stimulations (Fig. 5D). For the optogenetic mo-
dality, higher repetition rates required longer light pulses to evoke
the same number of spikes per stimulus and significantly influ-
enced the number and timing of spikes evoked for each light pulse
(Fig. S6 for pairwise comparisons of the repetition rates as a func-
tion of the pulse duration). Interestingly, reaching the same num-
ber of spikes per stimulus with rates >10 pps was always associated
with longer latencies and higher jitters (Fig. 5E-F). Thus, the semi-
stochastic stimulus allowed to evoke spike trains with similar
discharge rates but different spike timing in SGNs.

2.5. Heterogeneous optogenetic activation of the SGNs

We reported heterogeneous optogenetic activation of the SGNs;
specifically, the number of spikes evoked per light pulse, the tem-
poral spike precision ranging over 1 order of magnitude (Fig. 2), the
activation thresholds ranging over 7 dB, the dynamic range over
9 dB (Fig. 3) and the recovery time from masking ranging over
200 ms (Fig. 4). To investigate the mechanisms underlying this
heterogeneity, we capitalized on 11 SGNs that were recorded from
the same animal, one after the other in the same condition of op-
tical stimulation and recordings. All neurons were recorded in
response to the semi-stochastic stimulus presented above and 2
conditions of forward masking protocol (15 and 80 ms). A principal
component analysis on the number of spikes per light pulse for all
35 tested conditions highlighted the presence of 3 clusters (Fig. 6A-
B, 91.4% of the variance explained by principal components 1 and
2). Light pulse encoding differed between the three clusters with
SGNs from cluster 3 being the most efficient to encode the light
pulses and cluster 1 being the worst (Fig. 6C-D). The light pulse
duration threshold (i.e. the shortest light pulse required to evoke
0.1 spikes per light pulse) was significantly lower for clusters 2 and
3 compared to cluster 1 and linearly increased with the repetition
rate (Fig. 6E, P ranging between .0056 and .0278, Kruskal-Wallis
test followed by a Tukey's Honestly Significant Difference Proced-
ure). The linear regression slope was significantly lower for cluster
3 compared to cluster 1 (Fig. 6F, P = .0138), likely reflecting the
differences between the clusters in their dependence of the
photocurrent amplitude from the repetition rate.

The latency and jitter of the first spikes evoked by light pulses of
2.4 ms at 10 pps were similar across all clusters. Finally, SGNs from
cluster 3 were the fastest to recover from masking (Fig. 6H, spike
probability at 15 ms, 0 + 0, 0 + 0 and 0.1 + 0.02 spikes for cluster 1, 2
and 3 respectively, average + SEM, p-values ranging between .0073
and .0193), followed by cluster 2 and 1 (Fig. 6H, spike probability at
80 ms, 0.13 + 0.07,1 + 0 and 1 + O spikes for cluster 1, 2 and 3
respectively, P ranging between .008 and .054). Overall, these re-
sults demonstrate that SGNs that encode light stimuli the best are
also the fastest to recover from the masking. Hence, we postulate
that those neurons are the ones with the largest photocurrents (see
Discussion).
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2.6. Enhanced representation of the optogenetic stimulation in
AVCN neurons

Above, we reported that the semi-stochastic stimulus allowed
the generation of spike trains with different statistics in terms of
the number of spikes and the spike timing (latency and jitter, Fig. 5)
in the same neuron. Here, we investigated if this property can be
used to study the firing from the SGNs to AVCN neurons. First, we
observed for all tested repetition rates that the success of triggering
a spike with an optogenetic stimulus depended on the success/
failure of the preceding light pulse. If the preceding light pulse had
a sub-threshold duration, the likelihood of the neuron endocing the
following light pulse was high. In contrast, if the previous light
pulse had a duration above the threshold, the likelihood to fire
upon the following pulse was low. This explains the sawtooth
pattern of the response in Fig. 7A-B. Therefore, spike statistics for
both modalities were computed as a function of each of the dark/
silence times (i.e. inter stimulus intervals). This resulted in 245
illumination conditions, each tested 15.71 + 0.42 times for each
SGN (average + 95% confidence interval), whereas we did not
change the number of acoustical conditions (15 conditions overall).

To simplify the visualization, the average number of spikes per
stimulus and the first spike latency jitter were color-coded for SGNs
(Fig. 7A,D, optical: n = 13 from 2 mice; acoustical: n = 26 from 4
mice, CF within the 16 and 32 kHz octave band) and AVCN neurons
(Fig. 7B,E, optical: n = 16 from 5 mice; acoustic: n = 8 from 3 mice,
CF within the 16 and 32 kHz octave band). As previously described
in this study, the best encoding was achieved at the longest inter-
stimulus interval and stimulation strength. The change in the
response between SGNs and AVCN neurons was highlighted by
computing the difference between the two neuronal populations
(Fig. 7C]I). For 38.37% of the optical and 46.67% of the acoustic
conditions, the number of spikes per stimulus was increased by at
least 0.1 spike/stimulus (i.e. positive neural gain) in the AVCN
neurons compared to the SGNs. In contrast, the response decreased
by 0.1 in 1.22% of the optical and 6.67% of the acoustic conditions
(Fig. 7C,G). The spike jitter decreased for all tested acoustic condi-
tions, and remained similar for most of the optogenetic conditions
(Fig. 7F).

Presynaptic terminals of the SGNs converge on the AVCN somas
where their glutamatergic inputs trigger post-synaptic action po-
tentials [45,46]. To interpret the neural gain associated with the
different spike statistics of the SGNs, it is required to interpret the
response from the perspective of the postsynaptic neurons. To do
so, population responses were computed across recorded SGNs for
all tested illumination conditions (see Methods, Fig. 7G-H,]) and
compared to the AVCN neurons’ response of the same condition
(Fig. 71-]). Acoustically, the spike latency jitter across SGNs was
similar for all spike rates (Fig. 7]). In contrast, optogenetically, the
spike latency jitter across SGNs tended to decrease with the num-
ber of spikes per light pulse (Fig. 7]). Strikingly, different illumi-
nation conditions were characterized by the same number of spikes
per light pulse but different levels of spike synchronization (i.e. the
spike latency jitter) within SGNs and thus enabled to individually
test the role of the spike synchronization on the entrainment of the
response made by AVCN neurons. As illustrated in Fig. 7G-H, the
response of AVCN neurons was entrained compared to their inputs
when the spike latency jitter within the SGN population was low.
Based on the optogenetic response, two regions of interest (ROI)
were defined where the number of spikes remained constant but
the jitter varied across SGNs (Fig. 7]). For both ROIs, the neural gain
in the optogenetic modality was negatively correlated with the
jitter (ROI 1: coefficient of correlation, R = —0.733,P=1 x 10~7; ROI
2: R = —0.821, P = 3 x 107%), suggesting that synchronous SGN
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inputs on AVCN neurons are required to increase the rate repre-
sentation of the stimulus in the latter neurons (Fig. 7K).

3. Discussion

Mediated by the ultrafast, trafficking-optimized Chronos, here,
we parametrized optogenetic encoding in the firing of SGNs and
the recoding of the stimulus by AVCN neurons in mice. We have
demonstrated graded optogenetic SGN activation with varying
pulse widths, similar to SGN responses to acoustic clicks with
different sound pressure levels. We found that the timing of
optogenetically-evoked spikes varied little across iterations for a
given SGN, but the spike time jitter within a SGN population was
similar to what is measured acoustically. Under our experimental
condition (maximum light intensity at the optical fiber
tip ~ 35 mW), we identified an effective light pulse width of 1.6 ms
to optimally encode the light intensity by achieving the highest
maximal discharge rate and the widest dynamic range. Interest-
ingly, the lowest activation threshold in terms of energy was ob-
tained for light pulse trains composed of short light pulses. Upon
high rates of stimulation, we observed robust spike rate adaptation
that eventually resulted in spike failure. We attributed this to a
depolarization block that required a few tens of milliseconds to
recover, independently of the tested light intensities. Finally, we
implemented a rapid measurement (within minutes) of the input/
output function from light to SGN firing by using a semi-stochastic
stimulus. The spike statistic, generated by this stimulus, within the
SGN population (i.e. the number of spikes and the spike timing)
also enabled us to study the recoding of the spike trains by AVCN
neurons. We observed that for similar spike rates, synchronized (i.e.
low spike latency jitter) excitatory inputs (e.g. the SGN population)
on AVCN neurons are associated with entrainment of the AVCN
neurons.

3.1. Achieving gradual Chronos-mediated activation of the SGNs by
changing the pulse width

A dependence of the photocurrent amplitude on the photon flux
has already been shown in earlier studies of algal rhodopsins [47]
and therefore the manipulation of the light pulse amplitude or its
width enables one to control the number of action potentials
mediated by those photocurrents (e.g. Refs. [15,16,18,23,48,49]).
The application of this concept is key to control laser diodes within
their optimal operating range (e.g. best efficiency achieved with
short and strong driver currents). In contrast, the application of this
concept to gradually activate neural networks, to our knowledge,
has not yet been widely employed. In combination with an elec-
trophysiological or optical read-out of the neuronal response, it
enables measuring the input/output function between one element
of a given network to another. In the context of function restoration,
it is of prime importance to establish an appropriate set of stimu-
lation parameters to implement in the coding strategies of future
optogenetic prosthetics, such as the optical cochlear implant [3,8].
Both applications require empirical measurements of optogeneti-
cally evoked spiking which depends on the opsin's biophysics
[15,16,19], the opsin's expression [50] and the neuron excitability
[15,17]. Using the auditory system as a model circuit with exquisite
temporal fidelity here, we confirmed that gradual activation of
SGNs expressing Chronos-ES/TS up to 1.15 spikes/pulse can be
achieved by individual light pulses with long durations (i.e. 3.2 ms,
Fig. 1E). Interestingly, for pulse trains (100 pps), the number of
spikes per pulse peaked at 0.74 for pulses of 1.6 ms and decreased
for shorter or longer light pulse durations (Fig. 1]). It was also
observed for the longest light pulse that the spike adaptation was
the strongest, which stands in contrast with the fact that such
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adaptation was not observed for acoustically-driven SGNs
(Fig. S2.B). This suggests that the dark time between two consec-
utive pulses might have been too short to enable recovery of
Chronos-mediated photocurrents.

3.2. Recovery from light-induced masking

Sustained firing could not be recorded from any SGN when
stimulated by trains of light pulses at high repetition rates (i.e. 316
and 1000 pps, Fig. S2.C,E). This observation was unexpected given
the fast closing kinetics reported for Chronos [14,16]. However, such
rapid spike rate adaptation is consistent with our previous re-
cordings of SGN firing mediated by fast opsins (Chronos-ES/TS [14]
and vf-Chrimson [13]). Current-clamp recordings of SGNs have
revealed that most of the SGNs are characterized by a rapid or in-
termediate adapting firing in response to current injections [25,51].
Other studies have shown that neurons that were rapidly adapting
to a current injection are likely to have an optogenetically induced
depolarization block when stimulated with long light pulse dura-
tions or high stimulation rates [17,19]. We investigated the time
needed to recover from the depolarization block using a so-called
forward masking protocol. The masker could induce complete
adaptation in approximately 85% of the recorded SGNs, which is
similar to the number of rapidly adapting SGNs reported by patch-
clamp studies on cultured neonatal SGNs [51]. The best strategy to
reach high firing rates of fast-adapting neurons is yet to be elabo-
rated and should likely aim to eliminate the plateau potential (as
previously shown with ChETA in fast-spiking neurons [23]. A
promising possibility includes the activation of hyperpolarizing
opsins such as anion permeating ChRs [52] right after a spike was
optogenetically triggered.

The presence of an optogenetically induced masking, which
requires tens to hundreds of milliseconds to recover, highlights the
importance of empirically determining the appropriate stimulation
parameters for applications such as functional restoration and
neural circuit analysis. For example, this information is paramount
for designing sound coding strategies for future optical cochlear
implants, as well as studying the integration of the SGN firing in
complex auditory brainstem neural circuits.

3.3. Optogenetic encoding of light intensity

Encoding the intensity of a stimulus is critical in the context of
sensory restoration. Optically, it corresponds to the number of
photons reaching the ChRs, which can be controlled by the pulse
width and/or the light intensity. Previously, we examined the range
of light intensity associated with a change in the firing rate of the
SGNs expressing the red-shifted f- and vf-Chrimson [13]. We re-
ported that the dynamic range for single neurons spanned between
0.67 and 3.77 dB. It seemed to be opsin-dependent but was less
than measured acoustically (~25 dB, [34]) but more than electri-
cally (~ 1 dB, [39]). Here, we investigated the co-variation of the
light intensity and the pulse width to investigate how they jointly
impact the intensity encoding. Using 1.6 ms light pulses, we ach-
ieved an optimal intensity encoding defined by the lowest intensity
threshold, expressed as power (1.50 dBye| to 0ABR threshold), the widest
dynamic range (2.26 dB) and the highest driven rate (84.45 spikes/
s, Fig. 3). This duration is consistent with the lifetime of ChR2's open
state (~1.5 ms), during which the opsin is integrating photons
[53,54]. A longer light pulse could accommodate more than one
ChR opening and by that most likely increase the variance and
adaptation of the photocurrents.The lowest thresholds, in terms of
energy consumption, were measured for the shortest light pulses
(0.4 and 0.8 ms, Fig. 3C) and amounted to ~20 pJ per light pulse. For
single SGN expressing Chronos-ES/TS, the energy per pulse is twice
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bigger than measured per oABR at 10 pps from the same animals,
and one order of magnitude bigger than previously reported for f-
Chrimson [15] and CatCh [9,21].

3.4. Optogenetic encoding of the timing

Reliable optogenetic encoding of the spike timing is critical to
resolve neural circuits for which time matters [55], such as the
auditory system where spike timing is critical to localize low-
frequency sounds in the horizontal plane, discriminate the pitch
or detect sound in noise [40,56,57]. Our current and previous works
have shown a significantly higher temporal precision of firing for
optogenetic than for acoustic stimulation (using clicks) when
evaluated at a single neuron level (Fig. 1G,L, [13]). Indeed, this high
temporal precision is measured for a given neuron in response to
multiple iterations of the same stimulus, which can be interpreted
as a highly reliable encoding of the light pulses. Importantly, we
report that the latency at which neurons are firing is heterogeneous
(Fig. 1EK, Fig. 2B, Fig. 6G) and therefore, the excitatory inputs of a
population of SGNs to the postsynaptic neurons might be less
precisely timed than initially estimated. As an attempt to address
this question, we computed the precision of the spikes within a
population of SGNs built from all the recordings we performed of
single SGNs and compared it to acoustically evoked SGNs (Fig. 2D-
E). This analysis revealed comparable spike time precisions be-
tween the two modalities, which suggests that neurons down-
stream of SGNs might be excited in a near-physiological manner
when optogenetically stimulating SGNs.

3.5. The input/output function from light to SGN firing

Empirically measuring the illumination parameters required for
an application of optogenetics in neural network analysis or sen-
sory restoration is a prerequisite, as predictions are challenged by
the variability of neural excitability, expression levels and bio-
physical properties of the opsin [15,17,19,23,58]. Estimating those
parameters using deterministic stimuli is almost impossible given
the limited stability and time scope of recordings of SGN firing (e.g.
in vivo juxtacellular recordings of the SGN axons). This limitation
only allowed a sparse estimation of the input/output function from
light stimulation to SGN firing so far [10,13—15,21]. Instead, using a
semi-stochastic stimulus containing many parameters of interest
allowed us to measure 35 conditions of different repetition rates
and light pulse durations (or 245 conditions of dark intervals and
light pulse durations) in ~200 s in order to estimate the input/
output function (Fig. 5). By doing so, we not only replicated the
results obtained from the deterministic approach previously used
(Fig. 1) but also measured intermediate values. For the first time,
the number of conditions per neuron measured as paired data
enabled us to identify three distinct clusters of SGNs, which
respectively differed in their encoding of the light pulses and their
recovery time of the depolarization block (Fig. 6). The neurons
requiring less light to fire were the same ones recovering faster
from the depolarization block. It potentially suggests a difference in
their opsin expression level or neuron excitability. Future studies
should address the underlying mechanisms by labeling the recor-
ded SGNs to discriminate between molecular or morphological
differences between them [26—28,59], by examining the difference
in their distance to the light emitter, or by investigating the dif-
ference of the opsin expression levels [50].

3.6. Integration at anteroventral cochlear nucleus neurons

Axons of the SGNs are converging on the somas of different cell
types where they provide strong excitatory inputs [45,46,60,61].
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Within the AVCN, the bushy cells increase the entrainment and
precision of their cycle-to-cycle response to low-frequency sounds
[29,30], compared to the SGNs, but the underlying mechanisms of
this enhancement are still under debate [62—68]. We took advan-
tage of the heterogeneous SGN firing evoked by all conditions of the
semi-stochastic optogenetic stimulation aiming to identify the
input/output function from SGN to AVCN neuron firing. Acoustically
and optogenetically, we observed an increase in the firing of the
AVCN neurons in comparison to the SGNs for some of the tested
conditions (Fig. 7A-C) which, however, was associated with no or
only little change in their spike precision. Optogenetically, the
observed neural gain was correlated to the level of synchronization
across SGNs suggesting that coincident inputs were required to
increase the discharge rate of the AVCN neurons (Fig. 7G-I), while,
in contrast, no correlations were observed acoustically. The precise
mechanisms explaining these results are unclear and future studies
will require to identify and group AVCN neurons according to their
cell types (e.g. spherical bushy cell, globular bushy cell, stellate
cells, ...), thereby taking into account their morphology and phys-
iology when interpreting the recorded data. Nonetheless, these
results support the concept that employing additional stimulation
modalities such as optogenetics will help to reveal unknown
properties of the elements constituting neural circuits and will
contribute to their understanding.

3.7. Lessons learned for optogenetic coding

The results of this study inform about efforts for improved
functional restoration in diseased sensory and motor systems by
using optogenetic neural stimulation. As Chronos is the fastest
naturally occurring ChR to date and SGNs serve as targets that
demand a very high temporal fidelity of coding, the strong spike
rate adaptation, which we observed, indicates an upper bound of
stimulation rates for continuous stimulus encoding (~200 pps, our
data and [14]). This likely generalizes to photostimulation mediated
by currently known algal ChRs. Recordings of the electrically
evoked firing of cat SGNs showed reliable responses to stimulation
rates of at least 250 pps [39]. This motivates future efforts to
identify or engineer ChRs with large single-channel conductance
and fast closing kinetics for more efficient optogenetic SGN stim-
ulation at high rates.

Moreover, high-intensity light pulses with graded effective du-
rations in the range from 400 ps to 2 ms seem appropriate as the
“fundamental” stimulus. Considering that operating laser diodes
are most efficient with short (us) and strong (tens of mA) driver
currents, this knowledge can be synthesized with our data to
develop effective fundamental stimuli from ps pulselets. The in vivo
data presented here indicate that SGNs readily integrate the pho-
tocurrents elicited by such short pulses, which seems in line with
previous patch-clamp studies on spike generation [25,44,51,69]. It
will be of interest for the ultimate design of optogenetic sound
coding strategies to carefully parametrize the effects of pulselet
durations and duty cycles of such synthetic stimuli in future
experimental and theoretical studies. Likewise, challenging patch-
clamp recordings of SGNs expressing ChRs (e.g. [15]) will be needed
to elucidate the masking upon optogenetic stimulation. Regardless
of the precise underlying mechanisms, the masking places an upper
limit on the stimulation rate for reliable sound encoding. Finally,
the present study reveals the diversity of optogenetically driven
SGN firing that expands the coding capacity by a SGN population
well beyond that of an individual SGN. From a theoretical
perspective, functional diversity across a population of neurons is a
key factor to widen the amount of encoded information and in-
crease its fidelity [70]. The presence of functionally different SGN
clusters obtained with the administration of a single viral vector-
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promotor-ChR combination provides a flavor of what could be
obtained when targeting different ChRs to molecularly distinct SGN
type I subtypes. While the preparation of a first clinical trial favors
to avoid the potential risk which is generated by additional
complexity, future generations of optogenetic research for hearing
restoration could capitalize on these exciting opportunities.

4. Material and methods
4.1. Animals

Data were obtained from 73 adult (>12 weeks of age) C57Bl/6
wild-type mice of either sex. For all procedures, animals were
placed on a heating pad and body temperature was maintained at
37 °C. All experimental procedures were done in compliance with
the German national animal care guidelines and approved by the
local animal welfare committee of the University Medical Center
Gottingen, as well as the animal welfare office of the state of Lower
Saxony, Germany (LAVES).

4.2. Virus purification

The virus purification procedure was performed as previously
published [14] and an extensive description is available in Ref. [72].
In brief, triple transfection of HEK-293T cells was performed using
the pHelper plasmid (TaKaRa, USA), the trans-plasmid with PHP.B
capsid (Ben Deverman, Viviana Gradinaru, Caltech, USA) and the
cis-plasmid with Chronos-ES/TS under the control of the human
synapsin promotor. Cells were regularly tested for mycoplasma
contamination. Viral particles were harvested 72 h after trans-
fection from the medium and 120 h after transfection from the cells
and the medium; precipitated with 40% polyethylene glycol 8000
(Acros Organics, Germany) in 500 mM NacCl for 2 h at 4 °C and then
after centrifugation combined with cell pellets for processing. Cell
pellets were suspended in 500 mM NaCl, 40 mM Tris, 2.5 mM
MgCl,, pH 8, and 100 U/ml of salt-activated nuclease (Arcticzymes,
USA) at 37 °C for 30 min. Afterward, the cell lysates were clarified
by centrifugation at 2000xg for 10 min and then purified over
iodixanol (Optiprep, Axis Shield, Norway) step gradients (15%, 25%,
40%, and 60%) at 350,000xg for 2.25 h. Viruses were concentrated
using Amicon filters (EMD, UFC910024) and formulated in sterile
phosphate-buffered saline (PBS) supplemented with 0.001% Plur-
onic F-68 (Gibco, Germany). Virus titers were measured using a
AAV titration kit (TaKaRa/Clontech) according to the manufac-
turer's instructions by determining the number of DNase I resistant
vg using qPCR (StepOne, Applied Biosystems). The purity of pro-
duced viruses was routinely checked by silver stainings (Pierce,
Germany) after gel electrophoresis (Novex™ 4—12% Tris—Glycine,
Thermo Fisher Scientific) according to the manufacturer's instruc-
tion. The presence of viral capsid proteins was positively confirmed
in all virus preparations. Viral stocks were kept at —80 °C until
injection.

4.3. Virus injection

Virus injection was performed as previously published [14] and
an extensive description is available [72]. In brief, PHP.B vectors
carrying the targeting-optimized Chronos (Chronos-ES/TS) linked
to the reporter-protein eYFP and under control of the human syn-
apsin promotor (titer: 3.3 - 8.4 x 10'?> genome copies/ml) was
injected in the left ear at P5—P7. Under general isoflurane anes-
thesia and analgesia achieved through local application of xylo-
caine and subcutaneous injection of burprenorphine (0.1 mg/kg)
and carprofen (5 mg/kg), the left bulla was approached via a dorsal
incision. Injection of 1—1.5 pl of virus suspension (mixed with fast
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green, 1:20) was performed in the scale tympani using laser-pulled
(P-2000, Sutter Instrument Inc., USA) quartz capillaries (Science
Products, Germany) connected to a pressure micro-injector
(100—125 PSI, PLI-100 picoinjector, Harvard Apparatus). After the
virus application, the tissue above the injection site was reposi-
tioned and the wound was sutured. Recovery of the animals was
then daily tracked for the first week and weekly tracked until the
electrophysiological recordings. If needed, additional application of
carprofen (5 mg/kg) could be performed. Animals were kept in a
12-h light/dark cycle, with access to food and water ad libitum.

4.4. Stimulation

Stimuli were generated via a custom-made system based on NI-
DAQ-Cards (NI PCI-6229; National Instruments; Austin, USA)
controlled with custom-written MATLAB scripts (The MathWorks,
Inc.; Natick, USA). Acoustic stimuli (sampling rate = 830 kHz) were
presented open-field via a loudspeaker (Avisoft Inc., Germany)
localized on the left side at ~15 cm from the pinna. A 0.25-inch
microphone and measurement amplifier (D4039; 2610; Briiel &
Kjaer GmbH, Naerum, Denmark) were used to calibrate sound
pressure levels. Optical stimuli were delivered at the cochlear
round window via an optical fiber (200 pum diameter, 0.39 NA,
Thorlabs GmbH, Germany) coupled to a blue laser (473 nm, MLLFN-
473-100, 100 mW diode pumped solid state [DPSS]; Changchun
New Industry Optoelectronics). The maximum light intensity (or
radiant flux) was measured before every experiment (LaserCheck;
Coherent Inc.) and later used for calibration. The round window
was exposed as previously described [13—15,72]. Briefly, the round
window was exposed by opening the temporal bone ventrally from
the stylomastoid foramen and the exact location of the round win-
dow was determined by visually following the stapedial artery.

4.5. Auditory brainstem recordings (ABR)

Animals were anesthetized via intraperitoneal injection of a
mixture of xylazine (5 mg/kg) and urethane (1.32 mg/kg) and
appropriate analgesia was achieved by sub-cutaneous injection of
buprenorphine (0.1 mg/kg, repeated every 4 h) and carprofen (5 mg/
kg). Depth of anesthesia was monitored regularly by the absence of
reflexes (hind limb withdrawal) and adjusted accordingly. ABRs were
recorded using sub-dermal needle electrodes inserted underneath
the pinna, on the vertex, on the back near the contralateral leg and
signals were amplified using a custom-made differential amplifier,
sampled at a rate of 50 kHz, filtered (second order Butterworth filter,
300—3000 Hz) and averaged across 200—1000 iterations. The first
ABR wave, reflecting the synchronous activation of the SGNs, was
detected semi-automatically with a custom-written MATLAB script.
Thresholds were visually defined as the lowest intensity that elicited
a reproducible response in the recorded traces.

4.6. Juxtacellular recordings of SGNs and AVCN neurons

If positive acoustic or optogenetic ABRs were recorded, the mice
were prepared for subsequent juxtacellular recordings of the SGN
and AVCN neurons. Briefly, a tracheotomy and intubation were
performed before mounting the animal in a custom-designed ste-
reotactic head holder. Pinnae were removed, the scalp reflected,
portions of the lateral interparietal and the left occipital bone
removed, and a partial cerebellar aspiration was performed to
expose the left semi-circular canal. A reference electrode was placed
on the contralateral muscles behind the right ear. A borosilicate
sharp micropipette (~50 MQ, 3 M NaCl) was navigated from a
reference point at the surface of the semi-circular canal to a ste-
reotaxic position from where SGNs and AVCN neurons recordings
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could be obtained (LN Mini 55 micro-manipulator, Luigs & Neu-
mann, Germany). Using the step function from the micromanipu-
lator (3 mmy/s, 1.5 um steps), juxtacellular recordings from SGNs or
AVCN neurons were obtained. At the end of the procedure, the
relative position of the auditory meatus was visually controlled by
exposing it. Signals were amplified (ELC-03XS, NPI electronic, Ger-
many) and digitized at a sampling rate of 50 kHz by the same NI-
DAQ-Cards and custom-written MATLAB scripts used for stimulus
generation. Spikes were detected offline based on their threshold
(manually determined) using custom-made MATLAB scripts.

Differentiation between SGN and AVCN neurons was performed
on the sole basis of 3 criteria. Units were classified as SGNs if their
depth relative to the cerebellum surface >1000 pm, their first spike
latency <3 ms in response to 0.8—1.6 ms light pulse presented at
maximum (light intensity/80 dB SPLpg acoustic click, and if their
action potentials were monophasic and positive.

4.7. Stimulation strength

The stimulation strength was defined acoustically as the sound
pressure level (SPL click intensity) in dB SPLpg (PE: peak equivalent,
[42,73]) and optogenetically as the pulse duration. Previous mea-
sures have shown that the 0ABR amplitude increases with the pulse
duration, thus suggesting an increased firing synchronization be-
tween SGNs (Fig. S1.C, [14]) with that parameter. Evaluation of the
stimulus strength was either achieved by single stimuli (presented
at 10 pps, 80 presentations) or stimulus trains (100—1000 pps, 20
iterations, 400 ms light/sound, 100 ms dark/silence). To optimize
acquisition time and enable comparisons between all pulse dura-
tion of interests, 2 s stimulation containing 4 blocks of 500 ms were
built (400 ms). Acoustically, acquisitions of the four different rep-
etitions rates (10, 100, 316 and 1000 cps) were performed.
Following successful acquisition at 80 dB SPLpg, acquisitions were
repeated at either 60 and 70 dB SPLpg in a random manner. Only
units acquired at the three sound intensities were included. Opto-
genetically, acquisitions of four different light pulse durations (0.4,
0.8, 1.6 and 3.2 ms) were performed at either 10, 100, 316 or 1000
pps (if the pulse duration exceeded the stimulation period, no
acquisition was done for that condition).

The number of spikes evoked per stimulus was counted from
the 10 ms following each stimulus presentation. The first spike
following each stimulus was detected and its average latency and
latency jitter (i.e. standard deviation of the latency) were
computed. The adaptation ratio was computed as the ratio between
the discharge rate during the first 50 ms of the train and the whole
duration of the stimulation train.

4.8. Population response

To estimate the representation of the stimulus across a popu-
lation of SGNs, we built neurograms from all recorded SGNs in
response to the given stimulus. Raster plots were built from all
recorded SGNs by randomly selecting one iteration per SGN. The
number of spikes per stimulus, first spike latency and first spike
latency jitter across SGNs were computed and the operation was
repeated 50 times (e.g. bootstraps).

4.9. Intensity

Intensity analysis was performed as paired data by varying the
light pulse duration (0.4, 0.8, 1.6 and 3.2 ms) and the light intensity
of a given stimulus at 100 pps which was presented as already
mentioned above. The stimulus amplitude was related to the
threshold of the auditory brainstem responses (see Ref. [13]). Light
intensity was expressed in dBoagr threshold (mw) = 10 x log10 (A/A0)
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where A is the presented light intensity and A0 the light intensity at
0ABR threshold. Stimuli were presented first at maximum laser
output and repeated at as many other intensities as the unit could
be held to cover the full dynamic range (i.e. from threshold to
saturation). Only units for which at least 4 intensities were
measured were included. We previously showed that SGN firing at
the threshold is characterized by a strong adaptation [13], therefore
rate-level functions (RLF) and subsequent analysis were only
computed from the plateau response (between 100 and 400 ms).
The spontaneous activity of each neuron was measured from the
lowest sub-threshold intensity at 0.4 ms and RLFs were classified as
responding if their discharge rate at the highest intensity was 10
spikes/s above the spontaneous discharge rate. Responding RLFs
were classified as saturating if the slope measured between the
discharge rate at the two highest measured intensities was <3
spikes/dB, else they were classified as non-saturating. Per RLF, if
sub-threshold intensities were measured, we computed an inter-
polated d-prime-level function (with the spontaneous activity as a
reference, linear interpolation with a 0.2 dB step) from which we
defined the threshold as the lowest intensity reaching a d-prime >1
[13,40,41]. Saturated RLFs were fitted with a sigmoidal equation
and the dynamic range (i.e. the difference in intensity) and the
light-driven rate (i.e. the difference in discharge rate) were
measured between the threshold and the intensity leading to 95%
of the maximum discharge rate. Dynamic range and light-driven
rate from unsaturated RLFs were measured between the
threshold and the maximum tested intensity.

4.10. Forward masking protocol

Recovery from the optogenetically induced firing refractoriness
was measured by a so-called forward masking protocol. Ten light
pulses of 1.6 ms presented at 313 pps were used as a masker to
induce firing adaptation and the recovery was measured at
different time intervals by a single light pulse (i.e. the probe) of
1.6 ms. A total of 20-time intervals ranging between 4 and 180 ms
were tested and a 200 ms dark time was applied between each
measure. Each interval was tested 20 times. Stimuli were presented
first at maximum laser output and repeated at as many other in-
tensities as the unit could be held. The success of the masker to fully
adapt the firing was evaluated from the discharge rate and the
adaptation ratio of the masker. Next, the spike probability (i.e. the
probability of the probe to evoke spikes) per interval was measured
and normalized to the spike probability in response to the longest
interval. Recovery curves were fitted by a mathematical model

(k+x)

y= max(O,a X€ b

) to define the time to absolute recovery (i.e.

time required to recover any firing, - k) and relative recovery (i.e.
time required to recover 95% of the spike probability, - k + (3 x b)).
Additionally, the spontaneous discharge rate of the SGNs was
measured in the last 180 ms of the 200 ms dark time following each
probe.

4.11. Semi-stochastic stimulus

A semi-stochastic stimulus was designed for simultaneous
testing of 35 combinations of repetition rates (10, 56, 100, 179 and
313 pps) and light pulse durations (0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 2.4 ms).
Each combination was randomly tested 10 times per stimulus
iteration and the presentation order was randomized for each of
the 20 iterations, resulting in 200 presentations per combination.
Each iteration started with a masker composed of 10 light pulses of
2.4 ms presented at 100 pps and finished with 200 ms of dark.
Additionally, a forward masking protocol testing for the intervals of
15 and 80 ms was included. Recordings were made at maximum
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light intensity. Similarly, an acoustic stimulus was designed using
acoustic click (100 ps) testing for 5 repetition rates (10, 56, 100, 179
and 313 cps). Recordings were made at 60, 70 and 80 dB SPLpg.
Raster plots were built from a 3 ms window following each stim-
ulus which was defined by first computing a spike-triggered
average. For each condition, the number of spikes per stimulus,
first spike latency and first spike latency were computed as
described above. We determined, using a classifier, that at least 12
iterations of the stimulus (120 repetitions per condition) were
needed to reliably estimate the response (Fig. S5).

4.12. Cochlear histology

Following each optogenetic injection, cochleae from both side
were prepared as previously described [13—15]. Briefly, samples
were fixed for an hour in 4% paraformaldehyde (PFA), decalcified
for 3—4 days in 0.12 M ethylenediaminetetraacetic acid (EDTA),
dehydrated in 25% sucrose solution for 24 h and cryosectioned
(mid-modiolar cryosections, 25 pm tick). Immunofluorescence
stainings were done in 16% goat serum dilution buffer (16% normal
goat serum, 450 mM NaCl, 0.6% Triton X-100, 20 mM phosphate
buffer, pH 7.4). The following primary antibodies were used at 4 °C
overnight: chicken anti-GFP (1:500, ab13970 Abcam, USA) and
guinea pig anti-parvalbumin (1:300, 195004 Synaptic Systems,
Germany); and secondary antibodies for 1 h in room temperature:
goat anti-chicken 488 IgG (1:200, A-11039 Thermo Fisher Scientific,
USA) and goat anti-guinea pig 568 IgG (1:200, A-1107 Thermo
Fisher Scientific, USA). Finally, slices were mounted in Mowiol
4—88 (Carl Roth, Germany). Samples were imaged with a LSM 510
Zeiss Confocal Microscope (Zeiss, Germany) mounted with a 40x air
objective. An image per cochlear turn (apex, middle and base) was
taken from the modiolus (i.e. the bony structure containing the SGN
somas). Image analysis was performed by a custom-written MAT-
LAB script modified from Ref. [71]. Briefly, SGN somas and modiolus
areas were manually detected using a touch screen from the par-
valbumin images. Next, individual somas were automatically
segmented method from every Z-stack using Otsu's threshold and a
mask corresponding to the given SGN was defined for the Z-stack
for which the mask was fulfilling the criteria of size (area and
diameter) and circularity. In case the segmentation was not right,
the segmentation of the given SGN soma was performed manually.
Next, the median GFP brightness of each SGNs was measured and
its distribution was fitted with a Gaussian mixture model with up to
three components. A threshold, above which SGNs somas were
considered as transduced, was defined as average + 3 x standard
deviation of the Gaussian distribution with the lowest mean.

4.13. Analysis

Data were analyzed using Matlab (MathWorks). All averages in
text and figures were expressed as mean + 95% confidence interval.
Normality was tested by a Jarque-Bera test. For statistical compar-
ison between 2 independent groups, a two-sample t-test (para-
metric) or a Wilcoxon rank sum test (non-parametric) were used.
For statistical comparison between more than 2 independent
groups, ANOVA (parametric) or a Kruskal-Wallis test (non-para-
metric) were used followed by a Tukey's Honest Significant Dif-
ference procedure. For statistical comparison between paired data,
a Wilcoxon signed rank test on paired samples followed by a
Bonferroni correction of the p-values were used.

Ethics approval

All experimental procedures were done in compliance with the
German national animal care guidelines and approved by the local

481

Brain Stimulation 16 (2023) 466—483

animal welfare committee of the University Medical Center
Gottingen, as well as the animal welfare office of the state of Lower
Saxony, Germany (LAVES).

Consent for publication
Not applicable.
Availability of data and materials

Data and materials are available upon reasonable request to the
authors.

Funding

This work was funded by the European Research Council
through the Advanced Grant ‘OptoHear” to T.M. under the Euro-
pean Union's Horizon 2020 Research and Innovation program
(grant agreement No. 670759), the Fraunhofer and Max-Planck
cooperation program (NeurOpto grant) to T.M. the German
Research Foundation through the Priority Program 1926 “Next
generation optogenetics” to A.H. and T.M. and was funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foun-
dation) under Germany’s Excellence Strategy - EXC 2067/1-
390729940 to T.M. and A.H., as well as the Leibniz Program to T.M.
A.M. is recipient of a scholarship of the Gottingen Promotionskolleg
fiir Medizinstudierende, funded by the Jacob-Henle-Programm or
Else-Kroner-Fresenius-Stiftung (Promotionskolleg fiir Epigenomik
und Genomdynamik, 2017_Promotionskolleg.04). In addition, this
research was supported by Fondation Pour I'Audition (FPA RD-
2020-10) to TM.

Credit authorship contribution statement

Artur Mittring: Conceptualization, Validation, Formal analysis,
Investigation, Data curation, Writing — original draft, Writing —
review & editing, Visualization. Tobias Moser: Conceptualization,
Validation, Resources, Writing — original draft, Writing — review &
editing, Supervision, Project administration, Funding acquisition.
Antoine Tarquin Huet: Conceptualization, Software, Validation,
Formal analysis, Investigation, Resources, Data curation, Writing —
original draft, Writing — review & editing, Visualization, Supervi-
sion, Project administration, Funding acquisition.

Declaration of competing interest

T.M. is co-founder of Optogentech. The other authors do not
have competing interests.

Acknowledgments

We warmly thank Marcus Jeschke, Thomas Mager and Lina
Maria Jaime Tobon for critical discussions influencing the design of
the study and the interpretation of the results. We thank Anupriya
Thirumalai for assisting with the oABR and histological analysis. We
thank Burak Bali for teaching the single unit recordings of the SGNs.
We thank Bettina Wolf for her general support and critical insights.
We thank Vladan Rankovic for virus preparation and virus injec-
tion. We thank Daniela Gerke for expert help with virus and
immunolabeled midmodiolar cochlear cryosection preparation,
Christiane Senger-Freitag and Sandra Gerke for expert technical
support, Gerhard Hoch for engineering support, and Patricia Rake-
Kiigler for excellent administrative support. We also thank Ben
Deverman and Viviana Gradinaru for providing the PHP.B construct
used in this study. A.M. and A.H. thank the Hertha Sponer College



A. Mittring, T. Moser and A.T. Huet

for providing an intellectually stimulating environment where to
exchange about science.

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.brs.2023.01.1671.

References

(11

[2

3]

[4

[5

[6

[7]
(8

[9

[10]

[11]

[12]

[13]
[14]
[15]
[16]

[17]

[18]
[19]
[20]

[21]

[22]

[23]

[25]

[26]

[27]

[28]

[29]

[30]

Kim CK, Adhikari A, Deisseroth K. Integration of optogenetics with comple-
mentary methodologies in systems neuroscience. Nat Rev Neurosci
2017;18(4):222-35.

Kleinlogel S, Vogl C, Jeschke M, Neef ], Moser T. Emerging approaches for
restoration of hearing and vision. Physiol Rev 2020;100(4):1467—525.

Wolf BJ, et al. Is there an unmet medical need for improved hearing resto-
ration? EMBO Mol Med 2022;14(8):e15798.

Sahel J-A, et al. Partial recovery of visual function in a blind patient after
optogenetic therapy. Nat Med 2021;27(7):1223-9.

Elkouzi A, Vedam-Mai V, Eisinger RS, Okun MS. Emerging therapies in Par-
kinson disease - repurposed drugs and new approaches. Nat Rev Neurol
2019;15(4):204—-23.

Gundelach LA, Hiiser MA, Beutner D, Ruther P, Bruegmann T. Towards the
clinical translation of optogenetic skeletal muscle stimulation. Pfliigers Archiv
2020;472(5):527—45.

Kuner R, Kuner T. Cellular circuits in the brain and their modulation in acute
and chronic pain. Physiol Rev 2021;101(1):213-58.

Dieter A, Klein E, Keppeler D, Jablonski L, Harczos T, Hoch G, et al. pLED-based
optical cochlear implants for spectrally selective activation of the auditory
nerve. EMBO Mol Med 2020;12(8):e12387.

Dieter A, Duque-Afonso CJ, Rankovic V, Jeschke M, Moser T. Near physiological
spectral selectivity of cochlear optogenetics. Nat Commun 2019;10(1):1962.
Hernandez VH, et al. Optogenetic stimulation of the auditory pathway. J Clin
Invest 2014;124(3):1114—29.

Keppeler D, et al. Multichannel optogenetic stimulation of the auditory
pathway using microfabricated LED cochlear implants in rodents. Sci Transl
Med 2020;12(553):eabb8086.

Khurana L, Keppeler D, Jablonski L, Moser T. Model-based prediction of
optogenetic sound encoding in the human cochlea by future optical cochlear
implants. Comput Struct Biotechnol ] 2022;20:3621—-9.

Bali B, et al. Utility of red-light ultrafast optogenetic stimulation of the audi-
tory pathway. EMBO Mol Med 2021;13(6):e13391.

Keppeler D, et al. Ultrafast optogenetic stimulation of the auditory pathway by
targeting-optimized Chronos. EMBO ] 2018;37(24):e99649.

Mager T, et al. High frequency neural spiking and auditory signaling by ul-
trafast red-shifted optogenetics. Nat Commun 2018;9(1):1750.

Klapoetke NC, et al. Independent optical excitation of distinct neural pop-
ulations. Nat Methods 2014;11(3):338—46.

Herman AM, Huang L, Murphey DK, Garcia I, Arenkiel BR. Cell type-specific
and time-dependent light exposure contribute to silencing in neurons
expressing Channelrhodopsin-2. Elife 2014;3:e01481.

Berndt A, et al. High-efficiency channelrhodopsins for fast neuronal stimula-
tion at low light levels. Proc Natl Acad Sci USA 2011;108(18):7595—600.
Mattis ], et al. Principles for applying optogenetic tools derived from direct
comparative analysis of microbial opsins. Nat Methods 2011;9(2):159—72.
Richardson RT, et al. Viral-mediated transduction of auditory neurons with
opsins for optical and hybrid activation. Sci Rep 2021;11(1):11229.

Wrobel C, et al. Optogenetic stimulation of cochlear neurons activates the
auditory pathway and restores auditory-driven behavior in deaf adult gerbils.
Sci Transl Med 2018;10(449):eaa00540.

Duarte M], et al. Ancestral adeno-associated virus vector delivery of opsins to
spiral ganglion neurons: implications for optogenetic cochlear implants. Mol
Ther 2018;26(8):1931-9.

Gunaydin LA, et al. Ultrafast optogenetic control. Nat Neurosci 2010;13(3):
387-92.

Markowitz AL, Kalluri R. Gradients in the biophysical properties of neonatal
auditory neurons align with synaptic contact position and the intensity cod-
ing map of inner hair cells. Elife 2020;9:e55378.

Petitpré C, et al. Neuronal heterogeneity and stereotyped connectivity in the
auditory afferent system. Nat Commun 2018;9(1):3691.

Sun S, et al. Hair cell mechanotransduction regulates spontaneous activity and
spiral ganglion subtype specification in the auditory system. Cell 2018;174(5):
1247-63. el5.

Shrestha BR, et al. Sensory neuron diversity in the inner ear is shaped by
activity. Cell 2018;174(5):1229—46. e17.

Joris PX, Carney LH, Smith PH, Yin TC. Enhancement of neural synchronization
in the anteroventral cochlear nucleus. I. Responses to tones at the charac-
teristic frequency. ] Neurophysiol 1994;71(3):1022—36.

Wei L, Karino S, Verschooten E, Joris PX. Enhancement of phase-locking in
rodents. I. An axonal recording study in gerbil. ] Neurophysiol 2017;118(4):
2009-23.

482

[31]

[32]
(33]
(34]
[35]

(36]

1371

(38]

[39]

[40]

[41]
[42]

[43]

[44

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

(54

[55]
[56]

[57]

Brain Stimulation 16 (2023) 466—483

Winter IM, Robertson D, Yates GK. Diversity of characteristic frequency rate-
intensity functions in Guinea pig auditory nerve fibres. Hear Res 1990;45(3):
191-202.

Sachs MB, Abbas PJ. Rate versus level functions for auditory-nerve fibers in
cats: tone-burst stimuli. ] Acoust Soc Am 1974;56(6):1835—47.

Liberman MC. Auditory-nerve response from cats raised in a low-noise
chamber. ] Acoust Soc Am 1978;63(2):442—55.

Taberner AM, Liberman MC. Response properties of single auditory nerve fi-
bers in the mouse. ] Neurophysiol 2005;93(1):557—69.

Huet A, et al. Sound coding in the auditory nerve of gerbils. Hear. Res.
2016;338:32-9.

Yates GK, Winter IM, Robertson D. Basilar membrane nonlinearity determines
auditory nerve rate-intensity functions and cochlear dynamic range. Hear Res
1990;45(3):203—19.

Ohn T-L, et al. Hair cells use active zones with different voltage dependence of
Ca®* influx to decompose sounds into complementary neural codes. Proc Natl
Acad Sci USA 2016;113(32):E4716-25.

Ozgete OD, Moser T. A sensory cell diversifies its output by varying Ca®*
influx-release coupling among active zones. EMBO ] 2021;40(5):e106010.
Miller CA, et al. Electrical excitation of the acoustically sensitive auditory
nerve: single-fiber responses to electric pulse trains. ] Assoc Res Otolaryngol
2006;7(3):195-210.

Huet A, et al. The interplay between spike-time and spike-rate modes in the
auditory nerve encodes tone-in-noise threshold. ] Neurosci Off ] Soc Neurosci
2018;38(25):5727—-38.

Macmillan NA, Creelman D. Detection theory: a user's guide by Neil A. Mac-
millan. Psychology Press; 2004.

Kiang NYS, Watanabe T, Thomas EC, Clark LF. Discharge patterns of single
fibers in the cat's auditory nerve. Cambridge, Massachusetts: MIT Press; 1965.
Relkin EM, Doucet JR. Recovery from prior stimulation. I: relationship to
spontaneous firing rates of primary auditory neurons. Hear Res 1991;55(2):
215-22.

Rutherford MA, Chapochnikov NM, Moser T. Spike encoding of neurotrans-
mitter release timing by spiral ganglion neurons of the cochlea. ] Neurosci
2012;32(14):4773—-89.

Cao X-J, Oertel D. Auditory nerve fibers excite targets through synapses that
vary in convergence, strength, and short-term plasticity. ] Neurophysiol
2010;104(5):2308—-20.

Strenzke N, et al. Complexin-I is required for high-fidelity transmission at the
endbulb of held auditory synapse. ] Neurosci 2009;29(25):7991—8004.

Harz H, Hegemann P. Rhodopsin-regulated calcium currents in Chlamydo-
monas. Nature 1991;351(6326):489—-91.

Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K. Millisecond-timescale,
genetically targeted optical control of neural activity. Nat Neurosci 2005;8(9):
1263-8.

Zhang F, et al. Red-shifted optogenetic excitation: a tool for fast neural control
derived from Volvox carteri. Nat Neurosci 2008;11(6):631—3.

Meng X, et al. Increasing the expression level of ChR2 enhances the opto-
genetic excitability of cochlear neurons. ] Neurophysiol 2019;122(5):
1962—74.

Mo ZL, Davis RL. Endogenous firing patterns of murine spiral ganglion neu-
rons. ] Neurophysiol 1997;77(3):1294.

Govorunova EG, Sineshchekov OA, Janz R, Liu X, Spudich JL. Natural light-
gated anion channels: a family of microbial rhodopsins for advanced opto-
genetics. Science 2015;349(6248):647—50.

Ritter E, Stehfest K, Berndt A, Hegemann P, Bartl FJ. Monitoring light-induced
structural changes of channelrhodopsin-2 by UV-visible and fourier transform
infrared spectroscopy. ] Biol Chem 2008;283(50):35033—41.

Saran S, Gupta N, Roy S. Theoretical analysis of low-power fast optogenetic
control of firing of Chronos-expressing neurons. Neurophotonics 2018;5(2):
025009.

Cariani P, Baker JM. Time Is of the essence: Neural codes, synchronies, oscil-
lations, architectures. Front. Comput. Neurosci. 2022;16:898829.

Grothe B, Pecka M, McAlpine D. Mechanisms of sound localization in mam-
mals. Physiol Rev 2010;90(3):983—1012.

Li Y-H, Joris PX. Temporal correlates to monaural edge pitch in the distribu-
tion of interspike interval statistics in the auditory nerve. eNeuro 2021;8(4).
ENEURO.0292-21.2021.

[58] Jun NY, Cardin JA. Activation of distinct channelrhodopsin variants engages

[59]

[60]

[61]

different patterns of Network activity. eNeuro 2020;7(1). ENEURO.0222-
18.2019.

Liberman MC. Single-neuron labeling in the cat auditory nerve. Science
1982;216(4551):1239—-41.

Liberman MC. Central projections of auditory-nerve fibers of differing spon-
taneous rate. I. Anteroventral cochlear nucleus. ] Comp Neurol 1991;313(2):
240-58.

Tsuji ], Liberman MC. Intracellular labeling of auditory nerve fibers in Guinea
pig: central and peripheral projections. ] Comp Neurol 1997;381(2):188—202.

[62] Joris PX, Smith PH. The volley theory and the spherical cell puzzle. Neuro-

[63]

science 2008;154(1):65—76.

Ashida G, Heinermann HT, Kretzberg J. Neuronal population model of globular
bushy cells covering unit-to-unit variability. PLoS Comput Biol 2019;15(12):
e1007563.


https://doi.org/10.1016/j.brs.2023.01.1671
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref1
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref1
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref1
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref1
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref2
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref2
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref2
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref3
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref3
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref4
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref4
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref4
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref5
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref5
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref5
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref5
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref6
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref6
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref6
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref6
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref7
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref7
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref7
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref8
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref8
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref8
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref9
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref9
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref10
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref10
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref10
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref11
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref11
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref11
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref12
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref12
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref12
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref12
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref13
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref13
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref14
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref14
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref15
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref15
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref16
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref16
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref16
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref17
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref17
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref17
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref18
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref18
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref18
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref19
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref19
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref19
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref20
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref20
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref21
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref21
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref21
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref22
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref22
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref22
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref22
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref23
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref23
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref23
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref25
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref25
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref25
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref26
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref26
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref26
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref27
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref27
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref27
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref27
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref28
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref28
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref28
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref29
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref29
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref29
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref29
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref30
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref30
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref30
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref30
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref31
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref31
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref31
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref31
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref32
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref32
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref32
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref33
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref33
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref33
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref34
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref34
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref34
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref35
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref35
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref35
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref36
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref36
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref36
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref36
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref37
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref37
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref37
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref37
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref37
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref38
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref38
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref38
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref39
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref39
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref39
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref39
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref40
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref40
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref40
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref40
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref41
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref41
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref42
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref42
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref43
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref43
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref43
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref43
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref44
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref44
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref44
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref44
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref45
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref45
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref45
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref45
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref46
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref46
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref46
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref47
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref47
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref47
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref48
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref48
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref48
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref48
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref49
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref49
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref49
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref50
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref50
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref50
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref50
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref51
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref51
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref52
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref52
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref52
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref52
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref53
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref53
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref53
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref53
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref54
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref54
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref54
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref55
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref55
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref56
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref56
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref56
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref57
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref57
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref57
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref58
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref58
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref58
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref59
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref59
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref59
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref60
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref60
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref60
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref60
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref61
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref61
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref61
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref62
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref62
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref62
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref63
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref63
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref63

A. Mittring, T. Moser and A.T. Huet

[64]

[65]

[66]

[67]

[68]

Rudnicki M, Hemmert W. High entrainment constrains synaptic depression
levels of an in vivo globular bushy cell model. Front Comput Neurosci
2017;11:16.

Koert E, Kuenzel T. Small dendritic synapses enhance temporal coding in a
model of cochlear nucleus bushy cells [Internet]. 2020. 2020.06.03.131516.
Xu-Friedman MA, Regehr WG. Dynamic-clamp analysis of the effects of
convergence on spike timing. I. Many synaptic inputs. ] Neurophysiol
2005;94(4):2512—25.

Xu-Friedman MA, Regehr WG. Dynamic-clamp analysis of the effects of
convergence on spike timing. II. Few synaptic inputs. ] Neurophysiol
2005;94(4):2526—34.

Kuenzel T. Modulatory influences on time-coding neurons in the ventral
cochlear nucleus. Hear Res 2019;384:107824.

483

[69]

[70]

[71]

[72]

(73]

Brain Stimulation 16 (2023) 466—483

Smith KE, Browne L, Selwood DL, McAlpine D, Jagger DJ. Phosphoinositide
modulation of heteromeric Kv1 channels adjusts output of spiral ganglion
neurons from hearing mice. ] Neurosci 2015;35(32):11221-32.

Berry Ii M], Lebois F, Ziskind A, da Silveira RA. Functional diversity in the
retina improves the population code. Neural Comput 2019;31(2):270—311.
Huet AT, Dombrowski T, Rankovic V, Thirumalai A, Moser T. Developing fast,
red-light optogenetic stimulation of spiral ganglion neurons for future optical
cochlear implants. Front Mol Neurosci 2021;14:635897.

Huet AT, Rankovic V. Application of targeting-optimized Chronos for stimu-
lation of the auditory pathway. In: Methods in molecular biology. Clifton, N.J.);
2021. p. 261-85.

Cody AR, Russell I]. The response of hair cells in the basal turn of the Guinea-
pig cochlea to tones. J Physiol 1987;383:551—69.


http://refhub.elsevier.com/S1935-861X(23)01673-X/sref64
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref64
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref64
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref65
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref65
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref66
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref66
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref66
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref66
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref67
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref67
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref67
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref67
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref68
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref68
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref69
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref69
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref69
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref69
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref70
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref70
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref70
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref71
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref71
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref71
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref72
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref72
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref72
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref72
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref73
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref73
http://refhub.elsevier.com/S1935-861X(23)01673-X/sref73

	Graded optogenetic activation of the auditory pathway for hearing restoration
	1. Introduction
	2. Results
	2.1. Graded optogenetic activation of spiral ganglion neurons by light pulses of increasing duration
	2.2. Identifying the optimal pulse duration to encode light pulse amplitudes
	2.3. Recovery from optogenetically-induced masking
	2.4. Semi-stochastic stimulation for rapid estimation of the input/output function from light to neural firing
	2.5. Heterogeneous optogenetic activation of the SGNs
	2.6. Enhanced representation of the optogenetic stimulation in AVCN neurons

	3. Discussion
	3.1. Achieving gradual Chronos-mediated activation of the SGNs by changing the pulse width
	3.2. Recovery from light-induced masking
	3.3. Optogenetic encoding of light intensity
	3.4. Optogenetic encoding of the timing
	3.5. The input/output function from light to SGN firing
	3.6. Integration at anteroventral cochlear nucleus neurons
	3.7. Lessons learned for optogenetic coding

	4. Material and methods
	4.1. Animals
	4.2. Virus purification
	4.3. Virus injection
	4.4. Stimulation
	4.5. Auditory brainstem recordings (ABR)
	4.6. Juxtacellular recordings of SGNs and AVCN neurons
	4.7. Stimulation strength
	4.8. Population response
	4.9. Intensity
	4.10. Forward masking protocol
	4.11. Semi-stochastic stimulus
	4.12. Cochlear histology
	4.13. Analysis

	Ethics approval
	Consent for publication
	Availability of data and materials
	Funding
	Credit authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


