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ABSTRACT

Auditory nerve fibers (ANFs) convey acoustic information from the sensory cells to the
brainstem using an elaborated neural code based on both spike timing and rate. As the
stimulus tone frequency increases, time coding fades and ceases, resulting in high-frequency
tone encoding relies mostly on the spike discharge rate. Here, we recapitulated our recent
single unit data from gerbil’s auditory nerve to highlight the most relevant mode of coding
(spike timing versus spike rate) in tone-in-noise. We report that high-spontaneous rate (SR)
fibers driven by low-frequency tones in noise are able to phase lock ~30 dB below the level
that evoked a significant elevation of the discharge rate, whereas medium- and low-SR fibers
switch their preferential mode of coding from rate coding in quiet, to time coding in noise.
For high-frequency tone, the low-threshold/high-SR fibers reach their maximum discharge
rate in noise and do not respond to tones, whereas medium- and low-SR fibers are still able to
respond to tones making them more resistant to background noise. Based on these findings,
we first discuss the ecological function of the ANF distribution according to their spontaneous
discharge rate. Then, we point out the poor synchronization of the low-SR ANFs, accounting
for the discrepancy between ANF number and the amplitude of the compound action potential
of the of the auditory nerve. Finally, we proposed a new diagnostic tool to assess low-SR

fibers, which does not rely on the onset response of the ANFs.



Highlights:

Functional properties of ANFs were examined in quiet and noisy backgrounds.

In low-frequency range, high-SR fibers use temporal coding to encode tone in noise.
In high-frequency range, low-SR fibers encode tone-in-noise using rate coding.
Low-SR fibers are not detectable using the CAP of the auditory nerve.

Round-window mass potentials enable assessment of low-SR fibers.



INTRODUCTION

Auditory nerve fibers (ANFs) are the functional units that transmit the neural message
from the cochlea toward the cochlear nuclei. The pioneering study of Liberman (1978) in the
cat demonstrated that 3 classes of fibers populate the auditory nerve when classified according
to their spontaneous rate (SR): the high- (> 18 spikes/s), the medium- (0.5 < SR < 18 spikes/s)
and the low- (< 0.5 spike/s) SR fibers. While high- and medium-SR fibres are activated in
response to lower sound pressure levels but rapidly saturate, low-SR fibres are recruited at
higher sound pressure levels and show little or no saturation (Winter et al., 1990). This large
scatter of behaviours makes the ANFs capable of encoding sounds over a large intensity range
(Taberner and Liberman, 2005). Tone frequencies also determine the patterns of action
potential discharge of the ANFs. In response to low-frequency tones, ANF firing is phase
locked to the sinusoidal waveform, i.e. action potentials are fired at a preferential phase of the
periodic stimulation (Rose et al., 1967; Anderson et al., 1971; Johnson, 1980). As the
frequency increases, this time-coding ability decreases and the encoding of high-frequency
tones relies on the place of the maximum excitation on the cochlea, leading to changes in the
rate of firing (rate-place code). In other words, high-frequency tone is encoded through a rate-
place code whereas the coding of low-frequency tones relies on both spike timing and rate-

place codes.

In the presence of background noise, masking produces a compression and a shift of
the rate-intensity function toward higher tone levels (Costalupes et al., 1984). Increasing the
noise level leads to a flat rate-intensity function, with no detectable increment of discharge
rate to tones in noise. Because this phenomenon preferentially affects the low-threshold/high-
SR ANFs, low-SR fibers coding for higher levels were originally thought to be more resistant

to background noise. However, this theory is only based on the discharge rate of the auditory



nerve fibers. In the low-frequency range, phase-locked responses to low-level tones decrease
with increasing masker level, but phase locking remains quite strong near behavioral masking
thresholds (Abbas, 1981; Costalupes, 1985). Studies in humans consistently report that tone
detection in noise might be partly determined by synchrony to the fine structure of the tone
(Moore and Raab, 1975; Moore, 2003; Zeng et al., 2005; Lorenzi et al., 2006; Vinay and
Moore, 2007; Kortlang et al., 2016). It thus seems that both spike timing and spike rate are

involved in tone-in-noise detection.

The aim of the present review is to recapitulate our recent data from gerbils auditory
nerve activity to highlight : /) how time and rate encoding modes operate in quiet and noisy
environments, ii) how the ANF distribution matches the ecological environment, and iii) why
cochlear mass potential recorded from the round window may be a better proxy of the SR-
based distribution of ANFs than the regular auditory brainstem responses (ABRs) used for

experimental and clinical evaluation of hearing.

1. Sound encoding in the auditory nerve

After being mechanically amplified by the outer hair cells (OHCs), the vibration of the
basilar membrane is converted into trains of action potentials by the IHCs and conveyed along
ANFs to the cochlear nuclei. The characteristic frequency (CF) of an ANF is the frequency
for which a minimal amount of energy is required to increase the discharge rate above the SR.
SR and threshold are negatively correlated, i.e., fibers of high-SR have lower thresholds and

vice versa (see for review Heil and Peterson, 2015).

1.1. Tone encoding in quiet



The methods for recording single fibers of auditory nerve in gerbils have been extensively
described in Bourien et al. (2014). Briefly, the surgical approach to the auditory nerve was
through the posterior fossa after a craniotomy (Figure 1). Single units (n = 377 fibers) from
the auditory nerve were recorded in 44 adults gerbils (2 to 6 month-old). Once a fiber was
isolated, its CF and threshold values were determined from the tip of the tuning curve, and the
SR was calculated over a 30s sample. In Figure 2, the tone-evoked receptor potential of the
IHCs (Figure 2A, adapted from Palmer and Russell, 1986) is compared with the peristimulus-
time histograms (PSTHs) constructed from spike timing when driven by repetitive acoustic
stimulation (Figure 2B). To do so, we used the same acoustic parameters as Palmer and
Russel in 1986 (i.e. 50 ms tone bursts, 1 ms rise and fall, 10 bursts/s). Akin to the IHC
receptor potentials, the ANF responses were phase-locked to the tone: i.e. they fired action
potentials at a preferred phase of the sinewave (Figure 2B). Such phase locking to the fine
structure in response to low-frequency pure tones occurs up to few kilohertz, depending on
the species; up to 4-5 kHz in cats (Kiang et al., 1965) and gerbils (Versteegh et al., 2011), 3—4
kHz in guinea pigs (Palmer and Russell, 1986) and chinchillas (Temchin and Ruggero, 2010),
around 4 kHz in mice (Taberner and Liberman, 2005), and 3 kHz in ferrets (Sumner and
Palmer, 2012). These limits correspond to the maximum frequency that can be encoded by the
alternating current (AC) membrane-potential fluctuations in IHCs (Figure 2A, B). The IHC
acts as a low-pass filter, as its membrane potential cannot follow fast fluctuations due to the
membrane time constant. The IHC attenuates the AC component of the IHC response until, at
a sufficiently high frequency depending of the species only a direct current (DC) component
remains (Palmer and Russell, 1986). To quantify the degree of spike coincidence across the
presentations of the stimulus as a proxy for temporal coding, Huet et al. (2018) computed
shuffled autocorrelograms to obtain the correlation index (CI, Joris et al., 2006). For the low-

CF ANFs, the shuffled autocorrelogram (SAC) is characterized by a large central peak and



multiple adjacent oscillations, attesting to strong neural phase locking to the fine structure of
the tone burst (Figure 2C, D). For the high-CF ANFs, the peak height of the SAC and of
adjacent oscillations were strongly reduced, indicating that neural phase locking was failing
(Figure 2D). In others words, the remaining central peak mostly reflected the small temporal
jitter of the first spike at the tone-burst onset. Based on this index, the limit of phase locking

in gerbil approximated 4 kHz (Figure 2D).

Another characteristic of the sound-evoked ANF response is the rapid decrease of the
spiking rate within the first ten milliseconds after the onset of the tone burst to a steady state
(Figure 2B). This adaptive response arises most probably from the reduction in the number of
synaptic vesicles in the vicinity of the calcium channels, i.e. the readily releasable pool. While
readily releasable vesicles mediate the high rate at the stimulus onset, the lower, steady-state
response reflects the vesicular re-supply at the release sites (Furukawa and Matsuura, 1978;

Moser and Beutner, 2000; Spassova et al., 2004).

1.2. Tone encoding in noise

To clearly separate time and rate modes, Huet et al. (2018) used a simple paradigm of
acoustic stimulation that used tone-burst sequences embedded in continuous 60 dB SPL pink
noise. The additional energy supplied by adding noise produced an increase in the low-level
discharge rate, a threshold shift to the higher levels, and a decrease in the maximum discharge
rate, which could lead to a flat rate-intensity function (Figure 3A1-F1). Among the 377 fibers
recorded by Huet et al. (2018), 175 (46%) reached their maximum discharge rate in noise,
making difficult to estimate a threshold, and hence, the threshold therefore referred to the
higher level tested, i.e. 80 dB SPL (see for example Figure 3A1). Taking advantage of the
correlation index (CI, Joris et al., 2006) as a unique proxy, we presently quantified the spike

synchrony across multiple presentations of the tone for all the fibers (Figure 3A2.F2). In the



range of the neural phase locking, CI showed a large and step-wise elevation with increasing
sound intensity, followed by a slow decline (Insert Figure 2D, Figure 3A2.C2). For higher
frequencies, the CI grew linearly with sound intensity, but remained at a small amplitude (just
above 1), because it reflects the precision of the first spike latency at the onset of the tone-

burst envelope (Figure 3D2.F2).

To facilitate the comparison between the two modes of coding (i.e. time versus rate), we
plot CI as a function of the level relative to the rate threshold (Figure 4A-F), as proposed by
Dreyer and Delgutte (2006). This figure emphasizes the preferential coding mode in tone-in-
noise. When the Cl-based threshold was shifted to lower or to higher intensities-with respect
to the rate threshold, the threshold favors time or rate encoding, respectively. We separated
the low-CF (Figure 4A-C) and the high-CF ANFs (Figure 4D-F) according to the cut-off
frequency between the two modes of coding calculated by Huet et al., (2018), corresponding
to 2.7 kHz. Moreover, we divided the 377 fibers according to the classification proposed by
Liberman (1978) in the cat : i.e., high- (> 18 spikes/s), medium- (0.5 < SR < 18 spikes/s) and
the low-SR fibers (< 0.5 spike/s). In the range of phase locking (Figure 4A-C), the high-SR
fibers, which constitute 31% of the whole contingent of fibers in gerbils, were clearly more
adapted than low-SR fibers, to detect low-frequency tones (6 dB below rate threshold in
quiet). The same high-SR pool of ANFs in the presence of background noise continued to
respond in time rather than in rate. Moreover, high-SR fibers in noise were able to phase lock
30 dB below the level that induced a detectable elevation of their discharge rate (Figure 4A).
Another interesting finding is the switch of the coding mode from a rate code in quiet, to a
time code in noise for the medium- and the low-SR, which represent 9% of fibers (Figure
4B, C). This most likely occurred because the noise evoked enough spikes in these fibers to

elicit a phase-locked response. For the high-frequency range, all the fibers responded with a



rate code and the temporal coding only rely on the temporal precision of the first spike

triggered at the tone burst onset (Figure 4D-F).

To summarize, the high-SR ANFs are more adapted to carry neural information through a
spike-timing mode, giving them a strong robustness to detect low-frequency tones in
background noise. In the high-frequency range, low-threshold/high-SR fibers reach their
maximum discharge in noise, making them inefficient to respond to tones, and only the low-
and medium SR that have a more elevated thresholds can encode tone in noise. Interestingly,
Huet et al. (2018) reported that the time-based sensitivity of ANFs nicely overlaps with the
low-frequency behavioral audiogram evaluated through prepulse inhibition of the acoustical
startle responses up to 4 kHz, whereas the rate-based threshold fitted the behavioral thresholds

above 4 kHz.

1.3. Ecological function of different types of fibers

A distinction into three pools of ANFs based on SR has been described in cats (Liberman,
1978), guinea pigs (Tsuji and Liberman, 1997), and gerbils (Schmiedt, 1989), yet the
respective distribution across the cochlear tonotopic axis differs between species. For
example, cochleae from guinea pigs shows a regular distribution of high- (75%), medium-
(15%) and low-SR (10%) fibers along the tonotopic axis (Tsuji and Liberman, 1997). In the
gerbil, the distribution of the fibers along the base to apex gradient is heterogeneous. Pooling
all the fibers in gerbils (n = 1005 fibers, Huet et al., 2016) shows a heterogeneous distribution
of ANFs from base to apex, resulting in two different auditory-nerve phenotypes across the
tonotopic gradient (Figure 5A). We then quantified the proportion of the ANFs below and
above the cut-off frequency between the two modes of coding calculated by Huet et al.

(2018). High-SR fibers represent 29% and 25%, medium-SR fibers represent 6% and 27%,
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and low-SR fibers represent 3% and 14 %, for fiber CF below and above 2.7 kHz, respectively
(Figure SA). Note that these proportions are quite similar to those found in a smallest sample
of fibers (n = 377 fibers), in which we have investigated the time versus rate of coding in

response to tone-in-noise (see Figure 4).

One intriguing question is why the distribution into three pools of fibers (high-, medium-
and low-SR) across the tonotopic axis differs between species. One hypothesis is that the
different pools of ANFs reflect the benefits arising from ecological functions. Plotting the
cumulative number of fibers per octave band shows a clear bimodal distribution with a
majority of high-SR ANFs below 4 kHz and a more balanced distribution above (Figure SB).
This greater proportion of high-SR fibers in the low-frequency range may reflect the need to
detect and localize the rhythmic thumping sound that their conspecifics make with their hind
feet to warn of the presence of predators (e.g. a hunting owl). Indeed, the foot-stamping
produces a low-frequency sound around 1 kHz (Lay, 1972; Miiller, 1996). In addition, gerbils
exhibited a rich repertoire of vocalizations with fundamental frequencies of 5 to 50 kHz
(Kobayasi and Riquimaroux, 2012). Consequently, the more balanced distribution above 4
kHz would enable the vocalizations to operate over large dynamic ranges through high-,
medium- and low-SR fibers. Thus, the predominance of high-SR fibers below 4 kHz (Figure
5A, B), and the greater proportion of low-SR ANFs in the higher-frequency range may help

gerbils to communicate in noisy environments.

2. Toward a new diagnostic test to map the auditory nerve

Sound-evoked compound action potential (CAP) of the auditory nerve, which captures the
synchronous activation of the auditory nerve fibers, is commonly used to diagnose deafness in

experimental and clinical settings. It is generally believed that all the ANFs contribute to the
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CAP threshold and amplitude: low sound-pressure levels activate the high-SR fibers, and
increasing levels gradually recruit medium- and then low-SR ANFs. However, Schuknecht
first pointed out that the classical tonal audiogram shows very little change until neural loss
exceeds 80-90% (Schuknecht and Woellner, 1955). The same conclusion was drawn for the
electrophysiological thresholds evaluated from the wave 1 of ABRs, or from the auditory-
nerve CAP recorded at the round window (Liberman and Kujawa, 2017). This phenomenon,
called "hidden hearing loss," has been described in various type of cochlear diseases such as
noise trauma (Kujawa and Liberman, 2009; Lin et al., 2011; Liberman and Kujawa, 2017),
ototoxic drugs (Bourien et al., 2014; Lobarinas et al., 2016), and aging (Menardo et al., 2012;

Sergeyenko et al., 2013).

It is well known that ANF can be destroyed by infusing ouabain into the round window
niche (Schmiedt et al., 2002). We already showed (Bourien et al., 2014) that infusion of 33
UM ouabain into the round window niche for 30 minutes led, 6 days after the application, to
the ablation of 11 % of the fibers coding the 16 kHz region (Figure 6 A-C), corresponding to
the low-SR fibers (Figure 6 D-E). There was no accompanying change in CAP threshold or
amplitude (Figure 6F). Increasing the ouabain concentration up to 66 uM led to 65% low-
and medium-SR ANFs loss with no change in threshold, but a substantial decrease in CAP
amplitude (~50% amplitude reduction, Figure 6 G-I). Based on single fiber recordings in the
auditory nerve, we showed that first-spike latency of the low-SR fibers was delayed and
broadly dispersed in response to tone bursts (Bourien et al., 2014). Thus, the loss of 16 % of
poorly synchronized, low-SR ANFs at 16 kHz and responding to the higher level did not alter
the CAP amplitude. In contrast, the smaller size in the CAP amplitude following the 65%

ANF loss may reflect the loss of fibers showing a synchronized onset response (medium-SR
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fibers). Finally, only 34% of high-SR fibers, which show a large synchronized activity at low

levels of sound stimulation, sufficed to obtain a “normal” CAP threshold.

The mechanisms underlying the different synchronization properties of the low- and high-
SR ANFs are unknown. They may arise from different degrees of coordination in synaptic
release at the IHC ribbon synapse (Beutner et al., 2001; Frank et al., 2009; Meyer et al., 2009;
Grant et al., 2010) and/or different properties at the spike initiation site near the habenula
perforata (Siegel, 1992; Hossain et al., 2005; Rutherford et al., 2012; Kim and Lim, 2016).
Alternatively, the inhibitory effect of dopamine from the lateral olivocochlear efferent bundle
may constitute an additional mechanism that sets the intrinsic properties of the ANFs (Ruel et

al., 2001).

To circumvent the synchronization issue, we developed a new protocol of acoustic
stimulation and signal processing based on the electrical neural noise recorded at the round
window (Batrel et al., 2017). The hallmark of this electrical neural noise (also call mass
potential) corresponds to a spectral component that is best described by a power spectrum
density with a predominant peak near 900 Hz (Figure 7A). In response to sound stimulation,
the mass potential contains both a neural component arising from ANFs, and a microphonic
component originating from transduction currents in hair cells (Dallos, 1973). To eliminate
the microphonic component, we used repetitive pairs of sounds of opposite polarities, and the
neural index was calculated by dividing point-by-point the response to sound by values for the
unstimulated condition (Figure 7B, C). Note that the bimodal shape of the amplitude of the
neural index matches with the cumulative number of high-, medium- and low-SR along the
tonotopic axis (compare Figure SB and Figure 7D). Figure 7E shown that ouabain-induced
deletion of low-SR fibers leads to a reduction in the high-frequency response (where the low-
SR fibers are preferentially located, see Figure 5B, Figure 6 C-E), while the amplitude of

CAP of the auditory nerve did not change (Figure 6F).
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In conclusion, growing evidence suggests that ANF loss may contribute to problems of
speech comprehension in difficult listening environments (Liberman et al., 2016), and may be
responsible for the generation of tinnitus and/or hyperacusis (see Knipper et al., 2013 for a
review). Consequently, mass potentials that track all the ANFs may constitute a promising
avenue to probe ANF loss in humans. However, these potentials are poorly defined using far-
field electrodes because of the very low signal amplitudes. The need for near-field electrodes
directly placed on the cochlear nerve during cerebellopontine angle surgery, or the placement
of a trans-tympanic electrode on the promontory near the round window through the
anesthetized tympanic membrane may be an option, but with serious limits as a diagnostic
tool. Another solution may come from the use of a noninvasive ball electrode directly apposed
to the tympanic membrane in the external auditory canal, which allowed a significantly
greater signal amplitude than wave I of the ABR (Roland et al., 1995; Schoonhoven et al.,
1995; Pappas et al., 2000; Krieg et al., 2014; Pardo-Jadue et al., 2017). Further experiments in
animals and humans need to be carried out before considering mass potentials as a potential

diagnostic tool.
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Figure 1: Schematic draw of the cochlea and the auditory nerve. A. Shown is the surgical
approach to access the auditory nerve after removing the cerebellum and slightly pushing the
brainstem. B. Magnification of the cochlea and the auditory nerve from the red square seen in
A. Note the cochlea is made up of three canals wrapped around a bony axis, the modiolus.
These canals are the scala tympani (ST), the scala vestibuli (SV) and the scala media (SM). C.
Transverse section of one cochlear turn. The organ of Corti is composed of one row of inner
hair cells (IHC) and three rows of outer hair cells (OHCs). The spiral ganglion (SG) is
composed of cell bodies of the primary auditory neurons.
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Figure 2: Neural phase locking in the auditory nerve fibers. A. Intracellular receptor
potentials recorded from a guinea pig IHC in response to 80 dB SPL tones at frequencies
indicated in Hertz on the right side of each trace (adapted from Palmer and Russell, (1986),
Figure 9). B. Peristimulus time histograms recorded from gerbil ANFs in response to 80 dB
SPL tones at CF indicated in Hertz on the right side of each trace. C. Phase-locked response
of a low-CF fiber stimulated with a pure tone presented at CF=530 Hz and 80 dB SPL.
D. Phase locking as a function of the fiber CF, quantified with the maximum correlation index
(C)). Insets on the top right: Example of CI versus intensity function for a low-CF fiber
(CF=900 Hz). Insets on the bottom: Examples of normalized shuffle autocorrelograms for
fibers with CF indicated by triangles along the x-axis. Fit is a broken-stick model (f{x)=max(-
2.25x +9.5; 1.4) with x=log(CF), 2> (.78, cutoff at 4 kHz).
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Figure 3. Examples of rate- and Cl-intensity functions, in response to tone-in-quiet
(black curves) and tone-in-noise (red curves). Rate- (Al, B1, C1, DI, El, F1) and CI-
intensity functions (A2, B2, C2, D2, E2, F2) for six fibers characterized by different CF (low-
CF, left column; high-CF, right column) and SR (high-SR, top panels; medium-SR, middle
panels; low-SR, bottom panels). On each trace, the open symbols indicate the sound level for
which a significant increment of the response was detected using statistical analysis of the
neural response as proposed by Huet et al. (2018).
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Figure 4: Correlation index as a function of the level relative to rate threshold, in
response to tone in quiet (gray traces) and tone in noise (red traces). The entire data set (n
= 377 ANFs) was classified into 6 pools according to CF (low-CF, CF<2.7 kHz, left column;
high-CF, CF>2.7 kHz, right column) and SR (high-SR, SR>18 spikes/sec, top row; medium-
SR, 0.5<SR<18 spikes/sec, middle row; low-SR, SR<0.5 spike/sec, bottom row). The
percentage of fibers in each group as referred to the entire data set is given. The fibers with a
Cl-intensity function on the left of the vertical line are able to provide temporal coding
without elevating their discharge rate. Triangles in each panel indicate the grand average
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Figure 5: SR-based distribution of ANFs along the tonotopic axis in gerbils. A. Scatter
plot of single-fiber thresholds as a function of the fiber characteristic frequency (n = 1005
fibers). The continuous thick line gives the behavioral auditory threshold (Ryan, 1976). The
vertical dashed line at 2,7 kHz give the cut-off frequency between the two modes of coding
calculated by Huet et al. (2018). The proportion of low-, medium and high below and above
2.7 kHz is given in percent. B. Cumulative number of fibers per octave band calculated from
data shown in A. In A and B, the SR value is represented using a color code with green, blue
and red for low- (<0.5 spike/sec), medium-, and high-SR fibers (>18 spikes/sec), respectively.
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Figure 6. The compound action potential (CAP) of the auditory nerve remains
unchanged after the deletion of low-SR fibers. A, B. Confocal microscopy of
immunolabeled CtBP2 (green) and GluA2 (red) from the 16-kHz encoding region in artificial
perilymph control (A) and ouabain-poisoned cochleae (B). C. Synaptic counting in control
and ouabain-treated gerbils. Fits are the sum of two Gaussian models (12 > 0.88). D-E.
Spontaneous rate of ANFs as a function of the characteristic frequency, in control and
ouabain-treated animals. SR values are represented using a color map from green (low-SR) to
red (high-SR). F. CAP amplitude-intensity functions in response to 16 kHz tone burst, in
control (black) and ouabain-poisoned cochleae (red). G, H. CAP threshold shift (G) and CAP
amplitude (H) as a function of the loss of synapses induced by increasing concentration of
ouabain (i.e. 0, 33, 66, 80, 100 uM). Fits are broken-stick models. I. The superposition of fits
shown in G and H partitions the fibers in three groups that match with the proportion of low-
(green), medium- (blue), and high-SR fibers (red) in the 16 kHz region.
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Figure 7. Probing the auditory nerve using round-window mass potentials in control and
ouabain-poisoned cochleae. A. Power spectral density (PSD) of the mass potential in the
absence of sound stimulation (gray trace) or in response to a third-octave band noise centered
on 8 kHz, and different levels varying from 0 to 60 dB SPL, in 10 dB steps. Note the increase
of a spectral component at 1 kHz. B. Sound-driven activity calculated from panel A, by
dividing point-by-point the sound-driven PSDs over the unstimulated PSD. C. Same analysis
as in panel B, after a 10 uM Tetrodoxin (TTX) application in the round window niche. D. The
area under the curve in panel B was then measured as a neural index and plotted as a function
of the probe frequency, for different levels of stimulation (i.e. 20, 40 and 60 dB SPL). E.
Same analysis as in D, but for a set of gerbils treated with ouabain. Note that for low levels of
stimulation (i.e. 20 and 40 dB SPL) isolevel functions are unaffected in ouabain-treated
gerbils. For a 60 dB SPL stimulation, the amplitude of the isolevel function is reduced in the
16 kHz region (vertical dashed line), i.e. in the region populated by low-SR fibers in gerbils.
F. Neural index versus level function at 16 kHz, in control (black) and ouabain-treated
gerbils. *, p<0.05, Student’s t-test.





