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Model-based estimation of the frequency tuning of the inner-hair-
cell stereocilia from neural tuning curves
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P.O. Box 13000, FI-00076 Aalto, Finland

Sarah Verhulst
Department of Information Technology, Ghent University, Technologiepark 15, 9052 Zwijnaarde, Belgium

(Received 29 November 2016; revised 19 May 2017; accepted 24 May 2017; published online 15
June 2017)

This study proposes that the frequency tuning of the inner-hair-cell (IHC) stereocilia in the intact
organ of Corti can be derived from the responses of the auditory fibers (AFs) using computational
tools. The frequency-dependent relationship between the AF threshold and the amplitude of the
stereocilia vibration is estimated using a model of the IHC-mediated mechanical to neural transduc-
tion. Depending on the response properties of the considered AF, the amplitude of stereocilia
deflection required to drive the simulated AF above threshold is 1.4 to 9.2dB smaller at low fre-
quencies (<500 Hz) than at high frequencies (>4 kHz). The estimated frequency-dependent rela-
tionship between ciliary deflection and neural threshold is employed to derive constant-stereocilia-
deflection contours from previously published AF recordings from the chinchilla cochlea. This
analysis shows that the transduction process partially accounts for the observed differences between

the tuning of the basilar membrane and that of the AFs. © 2017 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4985193]
[PXJ]

I. INTRODUCTION

The inner hair cells (IHCs) of the mammalian cochlea
are the major sensory receptors of the auditory system, and
they sense the vibrations of the organ of Corti (OC) through
their stereocilia. The stereocilia base is firmly attached to the
reticular lamina (RL) and their tip is free-standing in the
fluid-filled space between the RL and the tectorial membrane
(TM) (Lim, 1980). Because of the free-standing nature of
the THC stereocilia, their motion is determined by the fluid-
flow in their surroundings, which is determined by the non-
linear interaction of the different modes of vibrations of the
organ of Corti (Guinan, 2012). Consequently, the mecha-
nisms responsible for the vibration of the IHC ciliary bun-
dles are poorly characterized at the present time.

While sound-induced vibration of the cochlea is cur-
rently well established in vivo for the basilar membrane
(BM), little is known about the vibrations of the OC struc-
tures in proximity of the IHC stereocilia. Recently, the
development of optical coherence tomography methods has
made it possible to record the vibrations of the RL (Chen
et al., 2011; Ramamoorthy et al., 2014; Ren et al., 2016a;
Ren et al., 2016b) and the TM (Lee et al., 2015) in vivo.
However, the available experimental data for these structures
are currently insufficient to draw a precise picture of how the
OC vibrates and how these vibrations couple to those of the
stereocilia.

While physical modeling of the cochlear micro-mechanics
(e.g., Steele and Puria, 2005; Steele et al., 2009) offers a
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fundamental tool to understand how the vibrations of the OC
couple to those of the stereocilia, this approach requires the
estimation of numerous physical properties of the cochlea,
which are not easily determined in sensitive preparations.

This study proposes a complementary but different
approach to characterizing the vibrations of the IHC stereo-
cilia, which relies on estimating the mechanical drive to the
IHC from the activity of the afferent auditory fibers (AFs)
via computer simulations. Specifically, the frequency tuning
of the IHC stereocilia is derived from the frequency tuning
of the AFs in the mammalian base. The idea behind this
approach 1is that the relationship between vibrations of the
IHC stereocilia and the activity of the afferent AFs is primar-
ily determined by the electrochemical properties of the IHC,
which have been well characterized in the last two decades.
The kinetics of the most prominent currents in the IHC have
been documented in mammalian cells using in vitro prepara-
tions, which mimic the physiological chemical environment
of the IHC (Kros et al., 1998; Marcotti et al., 2004; Jia et al.,
2007; Johnson and Marcotti, 2008; Johnson et al., 2011;
Johnson, 2015). Additionally, it has been shown that the
whole-cell current flowing through the Cay 1.3 channels and
the rate of exocytosis of neurotransmitter are approximately
linearly related in high-frequency IHCs (Brandt et al., 2005;
Johnson et al., 2005; Goutman and Glowatzki, 2007;
Johnson et al., 2008; Wong et al., 2014) and that a quantal
release of neurotransmitter is sufficient to trigger an action
potential in the postsynaptic fiber (Siegel, 1992; Rutherford
etal., 2012).

This knowledge about neural transduction can be
employed to deduce the mechanical drive to the IHC from the
activity of the AFs for specific cases using a computational-

© 2017 Acoustical Society of America
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TABLE I. Model parameters.

Parameter Value Meaning

Cm 12.5pF THC capacitance

EP 90mV endocochlear potential
MET channels

Gax 30 nS max. conductance

Xo 35nm offset

s 16 nm sensitivity

TMET 50 us activation time constant

Fast (f) and slow (s) K channels

Gk g5 230 nS max. conductance
Vos —3lmV half activation potential
s 10.5mV sensitivity

Ex —71mV reversal potential

Ex s —78 mV reversal potential

TR f 0.3ms activation time constant
TK s 8ms activation time constant

Ca®* channels

Gca 4.1nS max. conductance
Vos —25mV half activation potential
s 7.5mV sensitivity

Tca 0.2ms activation time constant
Ec, 45mV reversal potential

model approach. The proposed approach has several advan-
tages over vibrometry. First, a large amount of AF data is avail-
able for modeling, whereas imaging the tiny vibrations of the
stereocilia in sensitive preparations is currently not possible.
Second, recordings from the AFs require simpler and less inva-
sive techniques than those from the OC and hence they are less
affected by recording artifacts.

The proposed method is best suited for studying levels
of neural excitation near the neural threshold, i.e., for small
increases of the average discharge rate of the considered
AFs over its spontaneous rate. This consideration allows for
the omission of some of the aspects of neural transduction
that are not sufficiently characterized (e.g., synaptic depres-
sion), as they do not play a major role in estimating the
threshold levels of the AFs using standard procedures.

Il. METHODS

In the following, the model of mechanical-to-neural
transduction employed to estimate the relationship between

Stereocilia deflection

neural and stereocilia frequency tuning is presented. A
summary of the model parameter values is given in Table I.
The model is mostly based on in vitro measurements of the
IHC and uses standard equations to describe the kinetics of
the different ion channels. To keep the number of parame-
ters as small as possible, the mathematical description of
particular aspects of transduction is simplified in cases
where this does not significantly affect the outcomes of
the present analysis. An overview of the model is presented
in Fig. 1.

A. Mechanoelectric transduction
1. IHC membrane potential

The present model of the IHC membrane potential (Fig. 1)
is similar to the previously published biophysical models by
Zeddies and Siegel (2004) and Lopez-Poveda and
Eustaquio-Martin (2006). The membrane potential is mostly
determined by the interplay between the mechanoelectric
transduction (MET) current /vy and the outward voltage-
dependent fast and slow activating K" currents (I £/s)-
Solving the circuit in Fig. 1, the membrane potential Vy, is
determined by

dVy,
Cm?‘F[MET + Ik +1Iks =0, (D

where Vy, is the membrane potential and C,, the IHC
capacitance.

We adopt Cy,, = 12.5 pF based on the recordings from
IHCs of mature gerbils by Johnson et al. (2011). This value
agrees well with that found for other rodents (Kros and
Crawford, 1990; Kros et al., 1998; Marcotti et al., 2004).

2. MET current

Deflection of the hair bundle from its resting position
alters the tension between the interciliary tip-links, which
leads to a modulation of the number of open MET channels.
Hence the deflection of the stereocilia bundle modulates the
apical conductance of the IHC, generating a MET current. /n
vitro, following a step-displacement of the ciliary bundle,
the MET current was shown to exhibit exponential adapta-
tion (Howard and Hudspeth, 1987). A recent study by Corns
et al. (2014) shows that at physiological levels of extracellu-
lar Ca”", only very small (and relatively slow) MET current

\/\/\[\/\/\ H gMET gKvs g .

EP E..

T T T

Exocytosis rate

v

C a2+

FIG. 1. Schematic of the model employed for this study. A model of the IHC that includes the voltage-dependent outward K™ current is employed to compute
the membrane potential in response to sinusoidal deflections of the ciliary bundle. The IHC potential controls the activation of the voltage-gated Ca*" channels
at the synapses. The Ca®" current controls the rate of neurotransmitter release through a simplified model of exocytosis.
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adaptation is observed in mammalian THC during fluid-jet
stimulation of the ciliary bundle. For this reason, we neglect
the effects of MET current adaptation in this analysis.

The activation of the MET conductance is well
described by a three-state Boltzmann function of ciliary dis-
placement (Kros et al., 1992); however, for small enough
values of stereocilia deflection the activation can equally be
expressed as a single Boltzmann nonlinearity. This simplifi-
cation reduces the number of parameters of the transduction
nonlinearity from 4 to 2.

Adopting a first-order activation' with a time constant
tvmer = 50 us (Kennedy et al., 2003), the transducer conduc-
tance can be calculated from the ciliary deflection (u) by
treating the MET channels as standard ion channels,

1

o0 =TT 2
NMET, 1+ o (x0)/s )
dn
NMET + TMET SAET = No, 3)
t
gmer (1) = nGyer, 4

where Gygr is the maximum transducer conductance, nyET
represents the steady-state activation of the MET channels given
u, and nyer the instantaneous fraction of open MET channels.
Here we adopt Gax = 30 nS, s = 16 nm and xy = 35 nm based
on the recordings by Jia et al. (2007) from basal IHCs of the
mature gerbil in a hemicochlea.

Finally, since the reversal potential of the MET chan-
nels is close to OmYV, the transduction current can be
expressed as

Iver = gver(#)(Vm — EP), 5)

where EP is the endocochlear potential. Here, we use EP
=90mV.

3. Outward potassium currents

In addition to the transducer current, the presence of
outward K™ currents has been shown to play a major role in
the hair-cell physiology in vitro (Hudspeth and Lewis, 1988;
Kros and Crawford, 1990; Marcotti et al., 2004; Johnson
et al., 2011; Johnson, 2015). In mature high-frequency IHCs,
the total voltage-gated K" current is largely determined by a
fast (Ixy) and a slowly activating outward current (/x )
(Marecotti et al., 2004; Johnson, 2015).

The total K™ current can be described by

Ix = gk (Vi — Exs) + gks(Vim — Exs), (6)

where gk ¢ and g s are the voltage-dependent conductances of
the fast and slow K" channels, respectively, and
Ex = —71mV and Ex ; = —78 mV are the reversal potentials
of the fast and slow channels, respectively (Kros and Crawford,
1990).

The activation kinetics of both fast and slow K chan-
nels are well described by two voltage-dependent time con-
stants (Kros and Crawford, 1990), but a first-order equation
has been shown to approximate the activation of the fast K"
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channels well (Marcotti et al., 2004). This simplification has
only a minimal impact on the results depicted here, as the
second-order differential equation describing the kinetics of
the K™ current describes an over-damped oscillator [see Eq.
(3) of Lopez-Poveda and Eustaquio-Martin, 2006], whose
frequency response can be approximated with a first-order
equation. Additionally, because the principal time constants
of the activation of the K channels show very small varia-
tions for membrane potentials around the resting value (see
Fig. 12 of Kros and Crawford, 1990), we regard them as
constant.

Based on these arguments, the activation kinetics of the
two K™ channels can be described by the following equations:

1
nK,f/s,oo = 1 + e—(Vm—V(J_s)/S ) (7)
dn
N /s + TR /s de/S = 7K /5,00 (8)
t
8k.f/s = NK.t/sGK f/s- )

The half-activation potential (V 5) depends on the intracellu-
lar level of Ca’>" buffers (Marcotti et al., 2004). Johnson
et al. (2011) estimated the activation curve of the total K+
outward currents in mature gerbil IHCs at the physiologi-
cally equivalent level of Ca®" buffers (1mm EGTA). In
order to employ these estimates from mature cells in a highly
controlled preparation, we assume that the two channels
share the same activation curve. This assumption is justified
by the similar voltage-gating for the two channels (see the
Boltzmann fits by Zeddies and Siegel, 2004 on the data in
Kros and Crawford, 1990). We employ Gk = Gk, = 230
nS, Vos = —31mV and s=10.5mV, based on the study of
Johnson et al. (2011).

At body temperature, the fast-activating K* channels
activate with principal time constants (tx ) of about 0.2 ms
in the mature mouse (Kros et al., 1998) with a holding poten-
tial of —25mV. In the mature gerbil, the principal time con-
stant is 0.5 ms measured at room temperature and with a
holding potential of —37 mV (Marcotti et al., 2004). Using a
Q10 factor of 1.76 (Johnson et al., 2011), this time constant
becomes 0.25 ms at body temperature. These values are sim-
ilar to those estimated in guinea pig cells at body tempera-
ture” at similar holding potentials (Kros and Crawford,
1990). We therefore utilize tx = 0.3 ms based on Fig. 12
of Kros and Crawford (1990).

The slow-activating K™ channels activate with a principal
time constant of about 4ms in mature mouse cells with a
holding potential of —25 mV at body temperature (Kros et al.,
1998). This value is similar to that estimated in the guinea pig
utilizing the same holding potential (Kros and Crawford,
1990), which corresponds to a value of about 8 ms near the
cell’s resting potential. We therefore adopt 1 s = 8 ms.

B. Electrical to neural transduction
1. Whole-cell Ca?* current

The rate of exocytosis at the IHC ribbon synapse is reg-
ulated by Ca’" influx through L-type (Cay 1.3) channels

Altoe et al.



(Platzer et al., 2000; Brandt et al., 2003). The kinetics of the
Cay 1.3 channels are effectively described by second-order
activation and second-order inactivation (Johnson and
Marcotti, 2008). The faster inactivation time constant is
roughly 50 ms, implying that the inactivation of the Cay 1.3
has a negligible effect on the experimental derivation of neu-
ral tuning curves in which the stimulus duration is 50 ms.

The time course of activation is voltage dependent
(Johnson and Marcotti, 2008); however, it may be consid-
ered constant for small excursions of the IHC receptor poten-
tial. The voltage-dependent conductance of the Ca®"
channels (gc,) can therefore be expressed as

Moo = (1 + e_(vm—VO.S)/S)—l/Z, (10)
dm

erTcaa:moo, an

gca(Vim) = Geam®. )

We adopt s=7.5mV, Vy5 = —-25mV, Gc, = 4.1 nS, and
Tca = 0.2 ms based on the recordings from basal THCs of the
mature gerbil (Johnson and Marcotti, 2008). It should be
noted that the value of G¢, is of no importance for the fol-
lowing analysis as it is a scaling constant that allows the pre-
dicted values of the whole-cell Ca*>" current to fall within
the physiological range.

The total (whole-cell) current flowing through the Cay
1.3 channels is then given by

ICa = gCa(Vm - ECa)7 (13)

where Ec, = 45mV is the reversal potential of the Cay 1.3
channels.

2. ca®* controlled exocytosis

In the physiological range of the IHC membrane poten-
tial, the relationship between the whole-cell Ca’" current ¢,
and the exocytosis rate in mammalian IHCs is approximately
linear (Johnson et al., 2005; Goutman and Glowatzki, 2007),
at least in high-frequency units (Johnson et al., 2008).
Therefore, we express the relationship between the whole-
cell Ca** current I, and the exocytosis rate at a single syn-
apse (k) through the following quasi-linear” synaptic transfer
function:

k(t) = ZmaX(ICa - ICa,lha 0)7 (14)

where k(7) is expressed in release events per time unit, /¢y
is a fraction of the resting Ca*" current representing the off-
set of the straight line relating Ca®" influx and the exocytosis
rate at individual synapses, and z is a constant. The max
function represents the fact that the exocytosis rate cannot be
negative.

The two parameters in the synaptic transfer function
account for the different dynamic ranges of exocytosis
among different synapses. The offset in Eq. (14) predicts the
persistence of a small Ca>" current for membrane potentials
more negative than those corresponding to the activation of
the postsynaptic current, which was first reported in bullfrog

J. Acoust. Soc. Am. 141 (6), June 2017

IHCs by Keen and Hudspeth (2006). The same phenomenon
might be observed in mammalian hair cells, e.g., by compar-
ing Figs. 3A1 and 3A2 of Goutman and Glowatzki (2007).
Note that Eq. (14) can result from the first-order polynomial
expansion of a nonlinear function relating /-, and k. Because
the gating of the Ca®" channels differs among different syn-
apses (Frank et al., 2009; Ohn et al., 2016), the existence of
a perfectly linear relationship between the whole-cell Ca*"
current and the exocytosis rate at a single synapse is very
unlikely to exist.

Two conditions are needed to determine the parameters
of Eq. (14) at individual synapses. The conditions employed
here are: (i) kK matches the AF discharge rate at rest and (ii)
the peak value of k at saturation matches the peak AF dis-
charge rate measured at very high sound pressure levels
(SPL5).

The first condition is motivated by the fact that a single
release event is sufficient to drive an action potential in the
afferent AF when it is not in a refractory state (Siegel, 1992;
Rutherford er al., 2012), and hence the rate of neurotransmit-
ter release and AF discharge rate are closely related.
Estimating the value of the exocytosis rate corresponding to
the AF spontaneous discharge rate by accounting for refrac-
tory effects through statistical models would be possible
(e.g., Vannucci and Teich, 1978). However, as the higher AF
spontaneous discharge rates are in the order of 100 spikes/s
while the refractory time constants are shorter than 1ms
(see, e.g., Peterson et al., 2014), we assume that the differ-
ence between the spontaneous rate of exocytosis and that of
the AF discharge is negligible for the present analysis.

The second condition is motivated by the linear relation-
ship between the macroscopic Ca®" current and the exocyto-
sis rate at the onset of the electrical stimulation of the IHC
(Goutman and Glowatzki, 2007). In principle, the parameters
of Eq. (14) can be determined from the measured AF dis-
charge rate at the onset of the response to acoustic stimula-
tion at very high SPL, where the IHC responses can be
considered saturated and little effects of synaptic depression
and refractoriness are observed. Unfortunately, this fitting
procedure can result in the peak of exocytosis rate being
underestimated because the rise time of the mechanical drive
to the IHC in vivo is larger than that of a voltage step of the
receptor potential in vitro: whereas the rise time of a voltage
step of the receptor potential is limited only by the electrical
time constants of the IHC and of the experimental equip-
ment, the rise time of the stereocilia drive is limited by the
ramp applied to the acoustical stimulus (typically 1 ms long
for tones) and by the time constants of the different mechani-
cal elements involved in the transformation of the ear-canal
pressure into deflection of the IHC stereocilia. Therefore,
during the time the mechanical stimulation to the stereocilia
reaches its maximum, some vesicles can be released with a
significant probability, thereby limiting the measurable peak
of the AF discharge rate.

Additionally, to the authors’ best knowledge, there is no
existing systematic characterization of the peak responses of
AFs to very loud tones. To partially account for these two
issues, a generous range of possible peak values of the exo-
cytosis rate is employed in the numerical simulations.

Altoe et al. 4441



In this study, representative models of low (0.01-1
spikes/s), medium (1-18 spikes/s), and high (18—100 spikes/s)
spontaneous rate AF are employed. The strength of AF
responses at the onset strongly correlates with the AF sponta-
neous rate, with a peak-to-steady ratio of AF responses to
25-50 ms tone bursts spanning from 1 (low spontaneous-rate
units) to above 8 (high spontaneous-rate units) (Rhode and
Smith, 1985; Taberner and Liberman, 2005). By assuming
steady-state” firing rates between 180 and 300 spikes/s
(Zagaeski et al., 1994) and peak-to-steady ratios between 1
and 3, 2 and 6, and 5 and 9, peak exocytosis rates of 180-900,
360-1500, and 900-2700 spikes/s are obtained for low,
medium, and high spontaneous rate units, respectively.

3. Determination of threshold levels

The neural threshold criterion employed in this study is
based on a widely adopted experimental procedure
(Liberman, 1978). In short, a 50 ms acoustic tone is pre-
sented to the ear, and the activity of the auditory nerve is
recorded during the tone presentation and the following
50 ms. The neural threshold is defined as the minimum sound
level that can consistently triggers one spike more during the
tone presentation than during the following 50ms. By
neglecting the role of synaptic depression in this procedure
(see below), the neural threshold corresponds to an increase
of 20 spikes/s above the considered AF spontaneous rate dur-
ing the tone presentation. Similarly, the threshold criterion
employed in this study corresponds to the minimum ampli-
tude of ciliary deflection sufficient to drive the average exo-
cytosis rate [computed using Eq. (14)] to 20 release events/s
above its resting value. This assumption is justified on the
basis that the present study focuses on levels of neural exci-
tation corresponding to the neural threshold. For such levels

of excitation only one extra spike over spontaneous activity
can be registered during the threshold determination proce-
dure. Because a single exocytotic event is sufficient to trig-
ger an action potential in the afferent fiber (Siegel, 1992;
Rutherford et al., 2012), only a single extra release of neuro-
transmitter is observable in the threshold determination pro-
cedure, implying that synaptic depression does not greatly
affect the estimation of the neural thresholds.

lll. RESULTS
A. Simulations of the macroscopic Ca®* current

The macroscopic Ca®" current can be simulated by
imposing a sinusoidal deflection of the ciliary bundle in Eq.
(5). Figure 2 shows the waveforms of the MET current, the
IHC membrane potential and the Ca®" current for a 50 ms
sinusoidal deflection of the IHC stereocilia of 40 nm for dif-
ferent frequencies (500 Hz, 2 kHz, 8 kHz). The dashed hori-
zontal lines indicate the average levels over the stimulus
presentation.

The predicted membrane resting potential (middle row)
for the selected parameters is —59 mV. Determining the pre-
cise value of the IHC resting potential experimentally in vivo
is practically impossible, as the electrode impalement creates
an unknown leakage current that affects the activations of
the various ion channels. Additionally, the value of the IHC
resting potential depends on the magnitude of the MET cur-
rent at rest, which in turns depends on the Ca*" concentra-
tion in the proximity of the stereocilia and the presence of
mobile Ca* buffers (Ricci et al., 1998; Johnson et al., 2011;
Corns et al., 2014).

Zeddies and Siegel (2004) calculated a resting mem-
brane potential of —64 mV. However, they assumed smaller
magnitudes for the MET conductances than those estimated

500 Hz 2000 Hz 8000 Hz
<
£ -500 -500 -500
S -1000 [~ ~ 7] -1000 = -1000 ==
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S -2500 -2500 -2500
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0 0.02 0.04 0.06
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< FIG. 2. Simulated IHC responses to
£ -40 -40 -40 40 nm sinusoidal ciliary deflections of
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T (S) T (S) T (S) hair bundle.
0 = 0 = 0 —
g [ - S m e - e
g 20 -20 -20
5
3
«
O .40 -40 -40
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0 0.02 0.04 0.06

T(s) T(s)

4442  J. Acoust. Soc. Am. 141 (6), June 2017

T(s)

Altoe et al.



more recently for mature IHCs at physiological levels of
extracellular Ca®>" concentration (Jia et al., 2007; Johnson
et al., 2011). The predicted resting potential of the present
model is in agreement with the findings by Johnson et al.
(2011), who estimated it to be between —60 and —55mV in
mature gerbils at physiological levels of extracellular Ca”".

The activation curve of the MET channels [Eq. (5)] dis-
torts the sinusoidal ciliary deflection, so the MET current
can be thought of as a sum of sinusoids (AC components)
and a continuous (DC) component. The non-instantaneous
activation of the MET channels attenuates the higher har-
monics of the AC component of the MET current, similarly
to a low-pass filter with a cut-off frequency of 3.2 kHz.> The
action of the IHC membrane [Eq. (1)] is similar to that of a
low-pass filter, which attenuates the high-frequency compo-
nents of the receptor potential. The time constant of the
IHC-associated low-pass filter depends on the activation of
the K™ current, and its value at rest is 0.4 ms. The action of
the outward K™ currents attenuates the DC component and
further distorts the waveform of the receptor potential for the
lowest frequency stimuli. Small sags are visible at the onset
and the offset of the stimuli, which have been previously
predicted by modeling studies (Zeddies and Siegel, 2004;
Lopez-Poveda and Eustaquio-Martin, 2006).

The Ca®" current (Ico) in the bottom row of Fig. 2 is a
distorted low-pass-filtered version of the receptor potential.
This distortion is caused by the activation of the Ca*" chan-
nels, which converts part of the AC component of the recep-
tor potential into a DC component of /c,. The second-order
activation kinetics of I, [Eq. (10)] is analogous to a second-
order low-pass filter with a cut-off frequency of 800 Hz,
which attenuates the high-frequency components of /c,.

The lower panels in Fig. 2 show that for the same level
of mechanical excitation of the IHC stereocilia, the average
component of /¢, differs slightly depending on the frequency
of the ciliary oscillation. To further investigate the
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relationship between the frequency of the bundle oscillation
and the level of Ca>" influx at the synapse, Fig. 3(A) shows
the average value of /I, as a function of the frequency with
which the stereocilia vibrate (solid line). The figure shows
that the average level of Ca®" influx at the synapse is fairly
independent of the frequency of the bundle’s oscillation,
whose level lies within = 1.5 dB around its median value for
all frequencies. The same figure shows the peak-to-peak
value of I, (dashed-line), which is a measure of the level of
the AC component of Ca?" influx. The AC component of the
Ca”" influx at the synapse is approximately constant at low
frequencies, exhibiting a weak resonance around 500 Hz
caused by the interaction of the IHC membrane time con-
stant and the activation of the fast outward K* current. The
AC component of /¢, rapidly decays for frequencies above 1
kHz. This is not surprising as the mechanical-to-neural trans-
duction process involves several cascades of nonlinearities
followed by low-pass filtering. As the exocytosis rate at the
IHC ribbon synapse is approximately proportional to /c,, the
phase-locking properties of the afferent fibers greatly depend
on the magnitude of the AC component of Ic,. To further
test the accuracy of the model prediction of the phase-
locking limits of the AF responses, Fig. 3(B) compares the
range of the predicted vector strengths of the AF responses
against those measured in the base of the chinchilla by
Temchin and Ruggero (2010). Although our model does not
account for synaptic depression or refractoriness (that might
affect the vector strength of AF responses), the model is in
good agreement with the reference data.

B. Estimating the relationship between neural and
stereocilia frequency tuning

Due to the heterogeneity of Ca®" signaling at the syn-
apse (Frank er al., 2009; Wong et al., 2013; Ohn et al.,
2016) and AF discharge rates (Liberman, 1978), obtaining a
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FIG. 3. (A) Simulated average (solid line) and peak-to-peak values (dashed line) of the Ca®>* current at the IHC synapse as a function of the frequency of the
stereocilia oscillation (oscillation amplitude of 40 nm). The dotted line indicates the median value of the average Ca>" current. (B) Predicted range of the vec-
tor strength of the AF responses as a function of the frequency of the stereocilia oscillation (in grey) vs the average vector strength of AF responses in the chin-
chilla base [data from Fig. 7(A) of Temchin and Ruggero, 2010]. In the model, the vector strength of the AF responses depends upon the rectification strength
at the synapse, which is controlled by the parameter /¢, in Eq. (14). Therefore the range of predicted vector strengths was obtained by sweeping /¢, i from

its minimum to its maximum value in 30 steps.
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precise function relating the exocytosis rate and Ca*" current
at the individual synapse it is currently not possible.
Consequently, we tested the model predictions using a wide
range of parameters to describe the synaptic transfer function
Eq. (14). Figure 4(A) plots the estimated amplitude of the ster-
eocilia deflection necessary to drive the different AF models
above the threshold as a function of the stimulus frequency.
Depending on the combination of the parameters of the synap-
tic transfer function, there is a substantial heterogeneity of the
AF thresholds. To test whether the model can account for the
heterogeneity of AF thresholds reported in experimental stud-
ies, the amplitude of the stereocilia deflection corresponding to
neural threshold is computed for 200 AF models with ran-
domly distributed parameters (spontaneous rate and peak of
exocytosis rate) with a driving frequency of 8 kHz. These
results are plotted as a function of spontaneous rate using a
logarithmic scale in Fig. 4(B) along with the data of Fig. 4(B)
of Winter et al. (1990). The predicted amplitudes of the stereo-
cilia deflection necessary to drive the most and least sensitive
fibers differ by 12dB. This difference in combination with a
compressive growth of the mechanical responses with the SPL
of 0.2-0.3 dB/dB at CF (Robles and Ruggero, 2001; Ren et al.,
2016b) predicts a range of AF thresholds between 40 and
60dB SPL, which is in good agreement with experimental
data (Liberman, 1978; Winter et al., 1990). Additionally, the
figure shows that the range of variability of the parameters
adopted is adequate to mimic the heterogeneity of AF thresh-
olds and their dependence on the unit’s spontaneous rate.

The data in Fig. 4(A) show that for all the simulated
cases, a smaller deflection of the ciliary bundle is necessary
to drive the AF above threshold at low frequencies than at
higher frequencies. To better visualize this difference, the
curves in Fig. 4(A) are normalized, and their reciprocals are
plotted in Fig. 4(C). The resulting curves provide a measure
of the frequency sensitivity of the transduction process at
individual synapses and reflect the difference between the
frequency tuning of the stereocilia and that of the AF.

Depending on the exact combination of the model
parameters, there is substantial variability in the frequency

sensitivity of the AF. Despite this variability, the curves
retain the same shape, i.e., they are well described by the
same piecewise function [dashed lines in Fig. 4(C)]. This
function, which will be referred to as the synaptic frequency
sensitivity S(f), shows a plateau below a corner frequency f;
and exponentially decays for frequencies above f,,

S {P7 f<fe

Pe(frf)/fc’ f>F, (15)

where P indicates the peak sensitivity at low frequencies, corre-
sponding to the level of the low-frequency plateau. For all cases
shown in Fig. 4(C), a fixed f, of 450 Hz captures the simulated
data with 1 dB accuracy. The largest deviation is shown for the
unit with the highest threshold level for which the best-fitting
value of f is larger (f. = 500 Hz, data not shown). This devia-
tion is a consequence of the nonlinear activation of the IHC
membrane currents, which yields a stimulus-level-dependent
variation in the effective time constant of the IHC. Since the
deviation is small, it is neglected from the following analysis.

Although the data in Fig. 4(C) show that the smallest
values of P are associated with high spontaneous-rate units,
no simple relationship can be drawn between the spontane-
ous rate and P. To investigate the range of variability of P
and its dependence on the characteristics of individual AFs,
we computed it for 200 AF models with randomly distrib-
uted parameters in 0.2 dB steps.

Figure 5(A) plots the peak value of the frequency-
sensitivity function [P in Eq. (15)] against the spontaneous
rate of the simulated AFs. The values of P vary from 1.4 to
9.2dB, with a median value of 6.2dB and an interquartile
range of 1.2dB. By categorizing the AFs according to their
spontaneous rate, small differences in P can be noted
between low and medium spontaneous-rate units, where P
spans from 3 to 9.2dB. High spontaneous-rate units, on the
other hand, exhibit the lowest values of P (1.4-9.2dB), and
P decreases with an increasing spontaneous rate.

Figure 5(B) plots the values of P against the maximum
peak discharge rate associated with the different AF models.
This figure shows that P increases with the peak exocytosis
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FIG. 4. (Color online) (A) Amplitude of ciliary displacement corresponding to the threshold level of the afferent AF. The curves indicate the stereocilia ampli-
tude necessary to drive the average discharge rate of the afferent AF to 20 spikes/s above spontaneous rate. The different lines represent different AF models,
whose spontaneous and peak-rate are indicated in the legend. (B) Model-based prediction of stereocilia deflection corresponding to the neural threshold (red
markers x) plotted on top of the neural threshold level of the guinea-pig AFs in Fig. 4(B) of Winter ez al. (1990) (black markers O), as a function of AF spon-
taneous rate. The simulated data consist of 200 AF models whose parameters were randomly distributed (see Sec. IIB 2). (C) Synaptic frequency-sensitivity
for different AF models. These curves are obtained by normalizing and reciprocating the data in (A). The connected symbols indicate the model predictions,

while the dashed lines indicate the fitting curves obtain through Eq. (15).
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FIG. 5. Estimation of the peak of the frequency-sensitivity function. The frequency sensitivity at individual synapses is found to be well approximated by a
low-frequency plateau [Eq. (15)] exponentially decaying above 450 Hz. The peak P of the synaptic frequency-sensitivity (corresponding to the level of the
low-frequency plateau) is computed for 200 AF models, whose parameters are randomly distributed. The simulated values of P are plotted against (A) the

spontaneous and (B) maximal rate of exocytosis; (C) the offset and (D) slope of the synaptic transfer function Eq. (14).

rate up to about 800 spikes/s. Above this value, there is no
apparent correlation between P and the peak exocytosis rate.

C. Estimation of the tuning of stereocilia in vivo

The frequency tuning of the THC stereocilia can be esti-
mated from the frequency tuning of the AF by accounting for
the frequency sensitivity of the transduction process. For units
in the basal region of the mammalian cochlea, the stereocilia
tuning can be estimated by adding the synaptic frequency-
sensitivity function of Eq. (15) to the neural tuning curves.’

This method is applied to the recordings from the chin-
chilla base by Narayan et al. (1998). These recordings were
selected because they provide measurements from the AF and
the BM in the same cochlea. Figure 6 shows the reference
data [Fig. 1(A) of Narayan et al., 1998] together with three
estimates of the possible constant-stereocilia-deflection con-
tours (dashed-lines) that are obtained by summing the synap-
tic frequency-sensitivity function to the neural tuning curves.
Different low-frequency plateau levels [P in Eq. (15)] for the
synaptic frequency-sensitivity function were employed (3, 6,

J. Acoust. Soc. Am. 141 (6), June 2017

and 9dB), covering the estimated range of variability of the
considered AF, given its spontaneous rate of 11.4 spikes/s.

Above 2kHz, the mechanical tuning of the stereocilia
overlaps with the neural tuning curve, which closely resem-
bles constant-BM-velocity contours. For frequencies between
500Hz and 2 kHz, the difference between the tuning of the
stereocilia and that of the BM velocity is smaller than the dif-
ference between the tuning of the BM velocity and that of the
AF. According to the model, stereocilia deflection and BM
velocity retain a very similar frequency tuning above 500 Hz.
For frequencies below 500 Hz, the constant-stereocilia-deflec-
tion contours lie significantly below constant-BM-velocity
contours, implying that the difference between the tuning of
the BM velocity and that of the AF for these data cannot be
accounted for by the transduction process alone.

D. Heterogeneity of the frequency sensitivity of the
synapses
To investigate which model parameters are responsible

for the variability in the peak value P of the synaptic
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frequency sensitivity, Figs. 5(C) and 5(D) plot P against the
parameters of the synaptic transfer function Eq. (14), which
were randomized in the numerical simulations.

The value of P strongly depends on the parameters of the
synaptic transfer function [Eq. (14)]. Figure 5(C) plots P
against the offset of the synaptic transfer function (Icam),
which is expressed as a fraction of the resting value of /¢,. This
figure clearly indicates that the smallest P values (<2 dB) are
associated with Ic, n below about 80% of the resting value of
Ic,. In this range, P and Ic, 1 are strongly correlated, whereas
for Ica,m above 80% the variability of P increases abruptly.

Figure 5(D) plots P against the slope of the synaptic
transfer function z. The data distribution resembles that in Fig.
5(B), which is not surprising as z and the maximal discharge
rate are closely related parameters in the model [see Eq. (14)].
For the smallest values of z, P shows little variability and lies
around 4 dB. With an increasing z, the data points spread ver-
tically and demonstrate a poor correlation between P and z.

The interplay of /¢, and z determines the frequency sen-
sitivity at the synapse. For small values of /¢, 4, there is only a
small amount of rectification at the synapse, resulting in an
average exocytosis rate that reflects the broad tuning of the DC
component of the Ca’* current. With increasing Ic, m, the rec-
tification of the synaptic transfer function becomes significant,
and hence larger fractions of the AC component of /¢, contrib-
ute to determine the average exocytosis rate. For AF models
with high values of Icam, P depends on the threshold level,
which in turn is determined by the value of z. For increasing
threshold levels (equivalent to a decrease of z), the offset in
the synaptic transfer function becomes increasingly negligible
as it is much smaller than the DC level of /¢, near threshold.

E. Robustness of the model predictions

To assess the dependence of the estimated synaptic fre-
quency sensitivity on the parameters considered fixed up to
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this point, simulations of the mechanical-to-neural transduc-
tion were conducted with different values of the offset of the
nonlinearity describing the activation of the MET channels
[xo in Eq. (2)]. This is a simple and effective way to estimate
the robustness of our results to changes in the model parame-
ters, because it simultaneously alters the membrane resting
potential, the activation of the MET channels, the IHC time
constant, and the activation of the K™ and Ca®* channels rel-
ative to the receptor potential.

Figure 7(A) plots the synaptic frequency sensitivity for
three AF models (spontaneous rates 0.01,10, 60; peak rates
220, 1000, and 2700 spikes/s), simulated with xo = 51 nm
and xp = 25 nm corresponding to 5% and 18% open MET
channels at rest, and resting potentials of —63 and —54 mV.
In both cases, the shape of the frequency-sensitivity function
is similar, with a higher corner frequency for the higher frac-
tion of MET channels open at rest. This difference arises due
to the different IHC time constants in the two cases. The
low-frequency plateaus of the frequency sensitivity function
are larger when more MET channels are open at rest. The
range of variability of P was estimated to be 0.8—5dB and
3.4-11.8 dB in the two cases, on the basis of 200 simulated
AF models.

To investigate the causes of this difference, we further
computed the range of the variability of P by manipulating
the endocochlear potential [EP in Eq. (5)]. In this way, it was
possible to alter the resting potential of the IHC, and conse-
quently the relationship between activation of the K* and
Ca®" channels and the receptor potential without affecting the
nonlinearity describing the activation of the MET channels.
We impose EP = 0 and EP = 200 mV, corresponding to IHC
resting potentials of —63 and —54mV as for the previous
simulations. The manipulation of the EP yield P in similar
ranges for the two cases (EP=0mV, 1.8 <P < 8.8 dB;
EP =200 mV, 2.4 < P < 9.2 dB). Figure 7(B) compares the
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FIG. 7. Model robustness to the variation of the parameters. (A) The estimated synaptic frequency sensitivity is plotted for three AF models (different peak
and spontaneous rate) when the offset of the Boltzmann nonlinearity describing the activation of the MET channel is modified [x( in Eq. (2)]. xo =51 nm
(dashed lines) yielding a resting potential of —63 mV and xy = 25 nm (solid lines) corresponding to a receptor potential of —54 mV. (B) Medians of the peak
of the synaptic frequency sensitivity function P of 200 AF models when either the activation of the MET channel or the endocochlear potential (EP) were
altered to obtain different values of the IHC resting potential. This figure shows that the predicted values of P depend on the activation of the MET channels,
while they are hardly affected by a = 4.5mV perturbation of the IHC receptor potential per se, meaning that the model’s predictions are fairly independent of

the precise activation of the membrane currents relative to the receptor potential.

estimated median value of P for the different values of the
IHC resting potential, which were imposed either by altering
the activation curve of the MET nonlinearity or the endoco-
chlear potential. In the figure, the —59 mV case represents the
median of the result drawn with the default model’s parame-
ter. Figure 7(B) shows that the median of the simulations
remains approximately constant when the endocochlear
potential is altered, whereas it increases with a more positive
IHC resting potential when the activation curve of the MET
channel is activated.

This result indicates that the estimated frequency sensi-
tivity of the transduction process is fairly independent of
small perturbations of the activation of the K™ and Ca*"
channels relative to the receptor potential. On the other
hand, the P range depends heavily on the activation of the
MET channels, because the AC/DC ratio of the IHC receptor
potential increases with an increasing symmetry of the MET
nonlinearity. This causes larger sensitivity differences
between low and high frequencies for smaller values of the
offset in Eq. (2).

IV. DISCUSSION
A. What drives the IHC stereocilia?

The estimated frequency sensitivity of the transduction
process was employed to derive constant-stereocilia-deflec-
tion contours from previously published neural tuning curves
from the chinchilla base (Narayan et al., 1998). Even though
the generalization of the results presented must be handled
carefully because the proposed method is applied to a single
data-set, we presented an example of applicability of the
method to existing data.

The proposed method shows that the transduction pro-
cess introduces a difference in the tuning of the stereocilia
and that of the AF that is similar to the difference between
the tuning of BM velocity and that of the AF above 500 Hz
in the reference data. Below this frequency, constant-stereo-
cilia-deflection contours lie well below constant-BM-veloc-
ity contours. These results indicate that, in the reference
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data, the frequency tuning of the mechanical drive to the
IHC is similar to that of the BM velocity at high frequencies,
whereas it shifts towards constant-BM-displacement con-
tours at low frequencies. It is hard to reconcile this result
with the classical view of stereocilia excited by BM velocity
at low frequencies and BM displacement at high frequencies
(e.g., Shamma et al., 1986; Cheatham and Dallos, 1999).

The results presented here indicate that at high frequen-
cies the radial shear between TM and RL probably does not
play a major role in deflecting the IHC stereocilia, as its
magnitude is proportional to the relative displacement
between TM and RL (Freeman and Weiss, 1990).
Regardless of the precise nature of the mechanism driving
the IHC stereocilia, our results strongly support the notion
that the IHC stereocilia are free to vibrate without substantial
attenuation up to their characteristic frequency (Zetes and
Steele, 1997). The authors’ interpretation of these results is
that the fluid flow caused by a compression of the gap
between the RL and the TM (see Guinan, 2012) controls the
amount of stereocilia deflection at high frequencies, because
the RL is similarly tuned to the BM (Chen ef al., 2011; Ren
et al., 2016a; Ren et al., 2016b) and a compression of the
RL-TM gap proportional to the RL displacement would pro-
duce a fluid flow proportional to the RL velocity.

Several factors can be the source of the discrepancy
between the tuning of the BM and that of the stereocilia at
low frequencies. It is well-documented that the vibrations of
the different elements of the OC are not trivially related to
the vibrations of the BM (Mountain and Cody, 1999;
Nowotny and Gummer, 2006; Karavitaki and Mountain,
2007; Guinan, 2012). Therefore, different mechanisms might
be responsible in deflecting the IHC stereocilia at high and
low frequencies.

B. Limitations of the study

The biggest limitation of this study is the impossibility
of precisely establishing the parameters of the synaptic trans-
fer function in vivo. The definition of a Ca®'-driven rate of
exocytosis enabled us to establish a relationship between the
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mechanical excitation of the stereocilia and the AF firing
rate for near-threshold level of excitation, where the effects
of synaptic depression and refractoriness can be considered
negligible. Whereas the Ca”"-driven exocytosis rate can be
estimated when the IHC potential is at its resting value,
establishing the range of values that it can assume during
sustained stimulation is difficult. A representative range was
estimated from the onset of AF responses to tonal stimula-
tion at very high SPLs. In principle, at these levels, the IHC
receptor potential can be considered saturated. Furthermore,
the effects of synaptic depression or refractoriness should be
small at the onset of the neural responses. The non-
instantaneous rise-time of the mechanical excitation and the
lack of a systematic characterization of AF discharge peak
rates at very high SPLs might have led to underestimating
the highest possible values of the driven exocytosis rate
in vivo.

We conclude that a large error was not committed in
estimating the range of variability of the Ca*"-driven exocy-
tosis rate based on some properties of the model. First, the
lowest predicted threshold levels correspond to a ciliary
deflection of about 4nm. This value closely matches the
smallest ciliary deflection that a hair cell can resolve (van
Netten et al., 2003), leading to conclude that the slope of the
synaptic transfer function was not significantly underesti-
mated by the fitting procedure. Second, the estimated values
of the peak exocytosis rate lead to the reproduction of the
range of threshold levels of the AFs and their distribution
among high, medium and low spontaneous activity units
reported in the guinea pig by Winter et al. (1990).

The relatively large variability in the frequency sensitiv-
ity among different AFs, prevented a very accurate determi-
nation of the tuning of the stereocilia from published neural
tuning curves. However, experiments can be designed to
obtain a more precise estimate of the tuning of the stereocilia
by determining possible parameters of the model for the
measured AF. For example, this can be performed by deter-
mining the peak discharge rate in response to very loud
clicks (over 120dB) for the considered AF, and then fitting
the parameters of the synaptic transfer function to the mea-
sured data. These data would allow for the estimation of the
saturation level of the Ca®'-driven exocytosis rate in vivo,
limiting the effect of synaptic depression and refractoriness
on the estimation due to the steeper onset of mechanical
responses to clicks than to pure tones.

Another limitation of the study is the omission of MET
current adaptation from the model equations. The fast com-
ponent of MET current adaptation can in fact create a high-
pass filter effect on the MET current, as shown in the mature
gerbil (Jia er al., 2007). At physiological levels of Ca®", the
fast time constant of MET current adaptation is larger than
1 ms, and the amount of adaptation associated with such a
fast component is small (Jia et al., 2007; Corns et al., 2014).
By (generously) assuming that (i) the decrease of the MET
current associated with the fast adaptation component is
40%, (ii) the time constant is of 1 ms, and (iii) by further
describing the fast MET adaptation component through a
first-order high-pass filter, we found that its inclusion in the
model creates a maximal attenuation of the MET current of
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about 4dB at very low-frequencies. At 150 Hz, the attenua-
tion produced is of about 1dB. Therefore, the exclusion of
the MET current adaptation in the model equations introdu-
ces inaccuracies larger than 1 dB only for frequencies below
150 Hz.

Last, the prediction of the model based on parameters
stemming from in vitro data are hard to confirm experimen-
tally in vivo. Nonetheless, the results presented here are sup-
ported by the in vivo recordings showing a predominant low-
pass characteristic of the IHC and AF responses (e.g., Palmer
and Russell, 1986). A partial confirmation of our predictions
might be possible in vitro, e.g., by driving the stereocilia with
a fluid-jet while counting the evoked post-synaptic potentials
(EPSCs) in the afferent AF terminals.

C. Heterogeneity of the frequency sensitivity
of individual synapses

The model-based estimation of the frequency sensitivity
of the IHC-mediated transduction process shows a signifi-
cant variability across individual synapses. The results of the
simulations show that the average discharge rate of AFs
exhibit a preference to low-frequency oscillations of the cili-
ary bundle and that this preference can be accurately
described with the same function for all simulated AFs. The
difference in the stereocilia deflection amplitude required to
drive the different AFs above threshold at low (<500 Hz)
and high driving frequencies (>4 kHz) varies from 1.4 to
9.2dB, depending on the properties of the considered
synapse.

The largest contributing factor to this variability is the
offset of the synaptic transfer function, which controls the
gating of the exocytosis at the synapses. Heterogeneity of
the gating properties at the individual synapses is evident
from recordings from afferent AFs: units with similar dis-
charge rates at saturation can exhibit spontaneous discharge
rates spanning from less than 0.1 to more than 100 spikes/s
(Liberman, 1978). Diverse gating properties of the Ca®"
channels in the same IHC have been documented by Frank
et al. (2009) and Ohn et al. (2016), who found a large vari-
ance in the half-activation potential and number of the Ca**
channels across active zones in the same IHC. Due to the
impossibility of estimating the precise relationship between
Ca*" signaling and exocytosis at the synapse, the slope and
offset of the synaptic transfer function have been chosen in
order to fit the peak and spontaneous rate of the afferent AF,
given the macroscopic Ca>" current.

Although the behavior of the simplified model
employed in this study does not heavily depend on the acti-
vation of the Ca®" channels relative to the receptor potential
(Sec. IIIE), the model outcome strongly supports the notion
that the gating and the number of the Ca®" channels play a
major role in the differentiation between low and high spon-
taneous rate fibers. In particular, the found variability in the
parameters of the synaptic transfer function might account
for the differences in the size and gating of the Ca>" channel
clusters among individual synapses.

For example, the assumption that the half-activation of
the Ca>" channels is —30mV for synapses with the highest
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peak and spontaneous rate and of —20 mV for those with the
lowest spontaneous and peak rate would lead to a 4.5-fold
variation in the slope of the synaptic transfer function [z in
Eq. (14)]. This variability in the slope of the synaptic transfer
function is comparable to the differences between the maxi-
mal Ca’" influx at the different synapses (Meyer et al.,
2009; Frank et al., 2009), which is thought to arise from the
difference in the number of Ca®" channels in the different
active zones (Ohn et al., 2016). Therefore, the variability in
the slope of the synaptic transfer function necessary to relate
the macroscopic Ca>" current with the exocytosis rate might
just reflect the differences in the slope of the activation of
the Ca®" current between different synapses near the THC
resting potential, which stem from the heterogeneity in the
size and gating properties of the synaptic Ca®" channels
clusters.

The apparent offset in the synaptic transfer function that
relates the whole-cell current with the exocytosis rate at a
single synapse, which was necessary to fit the dynamic range
of the AFs’ discharge rate in the model, most likely stems
from a non-perfectly linear relationship between the whole-
cell Ca?" current and the exocytosis rate at individual synap-
ses. Such nonlinearity might be caused by the high intrinsic
Ca*" cooperativity (Keen and Hudspeth, 2006) or from high
channel cooperativity as Heil and Neubauer (2010) propose.
In either of the cases, the mismatch between the Ca®" influx
at the considered synapse vs the average Ca*" influx mea-
sured across all the synapses of the same IHC would lead to
an apparent offset in the synaptic transfer function relating
whole-cell current and exocytosis rate at a single synapse.

V. CONCLUSION

This paper presented a computational method to esti-
mate the frequency tuning of the inner hair cell (IHC) stereo-
cilia from neural tuning curves. To achieve this goal, a
computational model of the mechanical-to-neural transduc-
tion was developed by including the equations describing the
activation of the principal ion channels in the IHC. The
model parameters are based on results of previously pub-
lished in vitro measurements performed on mammalian
IHCs. The predicted Ca’" current at the synapse was
employed to predict the Ca®"-driven rate of release of neuro-
transmitters at the synapse. Because the analysis focused on
levels of excitation near the threshold of the afferent auditory
fibers, the effects of refractoriness and synaptic depression
were considered negligible in the determination of the neural
tuning curves.

The model predicts that the vibrations of the stereocilia
necessary to drive the afferent auditory fibers above thresh-
old are smaller at low driving frequencies than at high driv-
ing frequencies. This difference is well described by a low-
frequency plateau exponentially decaying above about
500 Hz. Depending on the response properties of the consid-
ered auditory fiber, there is a substantial heterogeneity in the
level of the low-frequency plateau, spanning from 1.4 to
9.2dB. The predicted heterogeneity is thought to arise from
the diversity of Ca®" signaling at individual synapses, a
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well-documented phenomenon (Frank et al., 2009; Ohn
etal., 2016).

Finally, the model predictions were employed to derive
constant-stereocilia-deflection contours from previously pub-
lished tuning curves that present the tuning of the basilar
membrane and that of the auditory nerve from the same
cochlea (Narayan et al., 1998). The estimated constant-ster-
eocilia-deflection contours are more similar to constant-basi-
lar-membrane-velocity contours than neural tuning curves,
pointing out that the frequency tuning of the stereocilia
resembles that of basilar membrane velocity for frequencies
above 500Hz. For frequencies below 500Hz, there is an
apparent difference between the tuning of the stereocilia and
that of the basilar membrane. These results are in stark con-
trast with the classical view of the stereocilia being approxi-
mately driven by basilar membrane velocity at low
frequencies and basilar membrane displacement at high
frequencies.

In particular, the application of the proposed method to
existing data supports the idea that no simple linear relation-
ship between basilar membrane and stereocilia vibrations
exists in the mammalian cochlea, even for vibrations of the
basilar membrane in the order of 1 nm. Despite the technical
difficulties in observing the deflection of the stereocilia
directly, the present study proposes that it can be deduced
from auditory nerve recordings using computational tools.
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"The order of the activation of a population of ion channels corresponds to
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Secs. IIB 2 and IV C, because the voltage-gating of the Ca*" current dif-
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