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ABSTRACT

All acoustic information relayed to the central nervous system is encoded in the spiking patterns of auditory-nerve
(AN) fibres. Here we re-examine and model the dependence of the spike rates of AN fibres on the amplitude of tonal
stimuli, building upon the seminal study of Sachs and Abbas (1974). These authors modelled the spike rate vs. sound
amplitude functions of AN fibres as the result of the interaction of a ‘mechanical stage’, describing basilar membrane
displacement as a function of sound amplitude, with a ‘transducer stage’, converting displacement into AN fibre
spike rate. The latter stage was modelled as a saturating power function, and spontaneous rate was assumed to simply
add to the sound-driven rate. However, the ‘transducer stage’ of the model — though widely used — has several limita-
tions. Here, we present a physiologically plausible modification of this stage. With this modification, spontaneous ac-
tivity and its tight correlation with AN fibre sensitivity are emergent properties of the model. Furthermore, we show
that for frequencies well below characteristic frequency (CF), where the mechanics are linear, the power which best
accounts for all 154 measured cat AN fibre rate-level functions is 3, independent of spontaneous rate or CF. Since
this power is the same as that obtained from analysis of absolute thresholds at the perceptual level (Heil and

Neubauer, 2003; Neubauer and Heil, 2004), our model also unites AN fibres properties with psychophysics.

INTRODUCTION

The auditory nerve (AN) constitutes the conduit or the flow
of acoustic information to the central auditory system. Here
we re-investigate the dependence of the spike rates of AN
fibres on the amplitude or sound pressure level (SPL) of
acoustic stimuli. Comprehensive models of the auditory pe-
riphery have been developed which — among other features —
produce spike rate versus sound level functions similar to
those observed experimentally (e.g. Meddis, 2006; Zhang et
al., 2001). However, the sheer number of model components
makes it difficult to identify those that are most relevant for
producing a particular output, and makes the fine-tuning of
model parameters to experimental data impossible. We pur-
sue the alternative of a tractable, parsimonious, yet satisfac-
tory model. Such an approach may also turn out to be valu-
able for an improved interpretation of the changes in AN
rate-level functions consequent on various forms of hearing
loss (e.g. Heinz and Young, 2004). We build upon the pio-
neering and highly influential model of Sachs and Abbas
(1974), developed more than 35 years ago. This model con-
sists of a mechanical stage, essentially capturing the basilar
membrane (BM) vibration amplitude as a function of the
sound amplitude, followed by a saturating non-linearity,
termed the ‘transducer’ stage by Sachs and Abbas. This
transducer stage, a saturating power function, describes the
spike rate of AN fibres as a function of the BM displacement.
This model has been widely used, and provides good fits to
empirical rate-level functions in the reptilian, avian, and
mammalian species studied (e.g. Winslow and Sachs, 1988;
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Sachs et al., 1989; Yates, 1990, 1991; Yates et al., 1990,
2000; Eatock et al., 1991; Miiller and Robertson, 1991;
Miiller et al., 1991; Ohlemiller et al., 1991; Winter and
Palmer, 1991; Richter et al., 1995; Koppl and Yates, 1999;
Nizami, 2002; Saunders et al., 2002; Liitkenhéner, 2008;
Wen et al., 2009). Nevertheless, the model has several limita-
tions, which stress the need for a better one. In order to de-
velop an improved model, we first simplify the Sachs-Abbas-
model even further by restricting the analysis to AN fibre
responses to stimulus frequencies well below the characteris-
tic frequency (frequency at which threshold is lowest; CF),
thereby avoiding confounding effects of BM non-linearities
resulting from the action of the active process (Robles and
Ruggero, 2001; Hudspeth, 2008). In this way, we can focus
on the transducer stage in isolation. We then introduce a sin-
gle, physiologically highly plausible modification which
removes the major limitations of the Sachs-Abbas model.
Our new model for the transducer stage can, of course, then
be combined again with a mechanical stage to account for
AN fibre rate-level functions also at and near CF.

The Sachs-Abbas model (Model 1)

When the BM displacement is a linear function of sound
amplitude, as is the case for frequencies well below CF, ex-
cept at very low CFs (Cooper and Rhode, 1992; Robles and
Ruggero, 2001), the model of Sachs and Abbas (1974) sim-
plifies to:
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In this model, the firing rate R(P) of an AN fibre as a func-
tion of the stimulus amplitude P (in Pa) is considered to be
the sum of a stimulus-driven rate Ry(P) and a spontaneous
rate Rypont: Rmaxd 1S the maximum driven rate (in s"),and a a
dimensionless power. The parameter K; is a measure of sensi-
tivity (in Pa*s™"). The stimulus amplitude at which the driven
rate is equal to half the maximum driven rate is given by
(Riaxd / kl)”“. Of course, for a given fibre, k; varies with
stimulus frequency, while for any given frequency, k; will
differ among fibres.
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Figure 1. Spike rate versus stimulus amplitude functions
generated according to the Sachs-Abbas model (model 1; a-c)
and according to the model proposed here (model 2; d-f).
Panels a and d show a family of functions differing in sensi-
tivity and spontaneous rate and plotted in double-linear coor-
dinates. The functions in a were generated with o=2,
Rmaxa=500 spikes/s, and different values of k; and Rgpon
which co-varied over 4 orders of magnitude. The functions in
d were generated with =3, R,,,,=500 spikes/s, and P, = 1
mPa. Only the sensitivity parameter k, varied, over 4 orders
of magnitude. The vertical dashed line marks P = 0, and the
intersections of the rate functions with that line allow the
emerging values of Ry, to be read off; Ry, then co-varies
with sensitivity (inset in e). Panels b and e show the same
functions (for P > 0) in double-logarithmic coordinates, and
panels ¢ and f show the corresponding driven rates, given by
R(P) — Rypont- Thick lines indicate local slopes.

Despite its wide use and the good fits to empirical AN fibre
rate-level functions, several caveats can be raised against this
model. Here, we mention only two. First, in the model the
spontaneous rate and the sensitivity are independent. Hence,
the model provides no explanation for the universally ob-
served tight positive correlation between sensitivity (at CF)
and spontaneous rate in mammalian AN fibers (e.g. Kiang et
al., 1965; Winter et al., 1990; Tsuji and Liberman, 1997,
Taberner and Liberman, 2005). To reproduce this tight em-
pirical correlation, Ky and Rypon in equation (1) must be set so
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that they co-vary. Second, there is disagreement between
different studies with respect to the value of the power a.
Sachs and Abbas (1974) proposed a value of 1.77, but the
most common value now in use is 2, implying that the audi-
tory system is driven by sound intensity (since intensity is
proportional to the square of sound amplitude) (e.g., Yates,
1991; Yates et al., 1990, 2000; Miiller and Robertson, 1991;
Miiller et al., 1991; Winter and Palmer, 1991; Richter et al.,
1995; Koppl and Yates, 1999; Saunders et al., 2002; Liitken-
honer, 2008). However, it has also been proposed that oo may
systematically vary between about 1 and 3 with AN fibre
spontaneous rate, suggesting that the rate-level functions of
fibres with different spontaneous rates may be generated by
different mechanisms (Geisler et al., 1985; Geisler, 1990,
1997; Eatock et al., 1991; Nizami, 2002). Figure 1a,b shows
a family of rate versus stimulus amplitude functions gener-
ated according to this model (1), using a single value of R.xq
= 500 spikes/s and a single value of a=2. The sensitivity
parameter K; varies over 4 orders of magnitude and Rgpon co-
varies over nearly 4 orders of magnitude to mimic the em-
pirical positive correlation between sensitivity and spontane-
ous rate.

A new model (Model 2)

Here we propose an attractive and physiologically plausible
alternative to simply adding Ry to the driven rate. We as-
sume that Ry, comes about by a force that acts just like the
sound amplitude and that these forces, rather than the firing
rates, are additive. In this scenario, the total rate R(P) is given
by:

8
R(P) — R Rmax (P+ PO)

/K, +(P+P))’

for P> -P,

max

R(P)=0 for P < -P, ©)

Here, Py is the sound-amplitude equivalent baseline or point
of operation (also measured in Pa) to which the effects of the
sound amplitude P add and which gives rise to the spontane-
ous activity, Ry, is the total maximum rate, and B is the
power. We use P rather than a, since the powers of the two
models are not identical (see below) and to avoid confusion.
The sum of the stimulus amplitude and of P, at which the
total rate is equal to half the maximum rate is given by (Rp.x /
k,)"P. Figure ld,e plots a family of rate versus amplitude
functions generated according to model 2, with R, = 500
spikes/s, f=3, and Py = 1 mPa. Only the sensitivity parameter
k, varies, over 4 orders of magnitude. The vertical dashed
line marks P = 0, and the intersections of the rate functions
with that line allow the resulting values of Ry to be read
off; Repont varies over nearly 4 orders of magnitude. In this
scenario, therefore, the spontaneous activity is an emergent
property of the system, which depends on Py, k;, and Ry,
and which can be calculated from equation (2) with P = 0.
AN fibres are spontaneously active unless Py = 0 or unless k;
= 0. In the latter case, however, they could not be driven by
sound either, so this case can be ruled out. If P, is the same
for a subgroup of fibres, say those that innervate the same
inner hair cell and hence have the same CF (as in Fig. 1d),
Rgpont Will vary with the fibers’ sensitivity to CF tones (or of
any other given frequency) according to:

~p~
Ryt =P -k, 3)
Hence, in a double-logarithmic plot of Ry, versus k, data
points from such a subgroup should fall on a straight line
with a slope of about 1 (inset in Fig. le), much like what is
seen in real data (e.g. Tsuji and Liberman, 1997; Heil and
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Neubauer, 2001; Neubauer and Heil, 2008). In this model,
therefore, differences in only a single parameter, viz. kj, suf-
fice to account for the differences in spontaneous rate among
AN fibres (once frequency is factored out) and for the em-
pirical correlation between spontaneous rate and sensitivity,
while the Sachs-Abbas model needs two parameters.

Comparison of the two models

The two models can produce similar functions (cf. Figure
1b,e). In the case that Ry, = 0, models 1 and 2 in fact pro-
duce identical functions when k; = K, and R,;xd = Rmax. In the
case that o = B =1, the two models can also yield identical
functions for P > —P,, when the values of R,y in the two
models as well as those of R, are identical, and the others

are related by: k1 . k2 =R /P, and

V kl /kz = (Rmax - Rspont)/ Rmax :

spont

METHODS

All surgical and experimental procedures were approved by
the Monash University Department of Psychology Animal
Ethics Committee. Adult cats (2 females, 2 males; weighing
3-3.5 kg) with clean tympani were anesthetized with pento-
barbitone sodium (40 mg/kg i.p.) and prepared for recordings
from the left AN, as described in detail elsewhere (Heil and
Irvine, 1997; Heil et al., 2007). Anesthesia was maintained
throughout the experiments by i.v. injections of pentobarbi-
tone, mixed with physiological saline containing 5% glucose.
Acoustic stimuli were digitally produced and presented to the
cat's left ear via a calibrated sealed sound delivery system.
Once a fiber was encountered and well-isolated, up to 200
repetitions of tones with a given frequency (at CF first) and
of 100 ms duration and shaped with brief rise and fall times
were presented at 4 s™', at sound pressure levels (SPLs) in-
creasing from low to high values in small steps (most often 4-
dB), followed by recording the fibre’s spontaneous activity.
If the recording conditions remained stable, a new frequency,
most commonly 1, 0.75, or 0.5 octaves below the CF, was
selected and the protocol repeated. All spikes falling within a
window commencing with tone onset and ending 10 ms after
tone offset were used to compute a mean spike rate. The
Solver of Excel was used to perform least-squares fit of the
model functions to the data using the Newton procedure. The
models were fit to the logarithm of the spike rate.

RESULTS

We obtained 154 rate-level functions from 82 AN fibres with
CFs from 0.3 kHz to 39.3 kHz, and spontaneous rates from
near zero up to more than 100 spikes/s, covering the wide
range of spontaneous rates reported in the cat and other
mammalian species (e.g., Kiang et al., 1965; Miiller and
Robertson, 1991; Relkin and Doucet, 1991; Taberner and
Liberman, 2005). Each rate-level function was fitted with
models 1 and 2, with the parameters o and {3 free or fixed at
specified values and the other 3 parameters free.

Evaluation of model predictions

Model 1 predicts that if Rgyp is subtracted from the total rate
R(P), to yield the stimulus driven rate, the maximum slope of
the function relating (R(P) - Rypon) to P in double-logarithmic
coordinates should be equal to the value of a (Figure 1c). If
o, were constant across AN fibres, estimates of o derived
from fits of model 1 to real data should therefore scatter un-
systematically around the true value (Figure 2a). If, however,
rate-level functions are generated according to model 2 and
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with a fixed B (> 1), the maximum slope of the driven rate
should decrease systematically with increasing sensitivity and
hence with increasing spontaneous rate, as shown in Figure
1f. Estimates of the slope of each function in that panel, say
for driven rates from >0.1 to about 100 spikes/s, decrease
from just under 3 (the right dotted line has a slope of 3) to
about 1 (the left dotted line has slope of 1). Thus, such slope
estimates do not return the common power of 3 used to gen-
erate the model functions (=3 in Figure 1). Instead, they
underestimate the power, the more so the higher the sponta-
neous activity. In other words, if rate-level functions were
generated according to model 2 with a fixed value of (> 1),
irrespective of spontaneous rate, but were fitted with the
Sachs-Abbas model (model 1) with o as a free parameter,
then the estimates of o should decrease systematically with
increasing spontaneous rate (Figure 2b). Conversely, if rate-
level functions were generated according to the Sachs-Abbas
model with a fixed value of a, irrespective of spontaneous
rate, but were fitted with our new model (model 2), the re-
sulting estimates of B should increase systematically with
increasing spontaneous rate (not shown).

Predictions for «. of model 1 Data
by model 1, if... by model 2, if...

Estimate of o
%I
]

R = -0.2924; p=0.001

]
01 1 10 100 01 1 10 100 o1 1 10 100

Spontaneous rate (1/s)

Figure 2. Model predictions for estimates of o of model 1.
a. If rate-level functions were generated according to model 1
with a single value of a, fits of such functions with model 1
should return estimates of o that are independent of sponta-
neous rate. b. If rate-level functions were generated accord-
ing to model 2 with a single value of B (> 1), fits of such
functions with model 1 should return estimates of o that de-
crease with increasing spontaneous rate. For =1, they should
be independent of spontaneous rate. €. Estimates of o derived
from the data decrease significantly with increasing sponta-
neous rate, a finding that clearly favours model 2.

Figure 2c plots the estimates of o derived from fits of model
1 to the data as a function of spontaneous activity. A few data
points derived from records without spontaneous spikes are
not shown. Although the estimates of o scatter, there is a
clear and highly significant negative relationship between o
and the logarithm of the spontaneous rate (R= - 0.2924;
n=154; p=0.000234), as predicted by model 2, if B is con-
stant, but not as predicted by model 1, if o is constant. Values
of B between 3 and 4 appear to best fit the observed data.
Conversely, the correlation coefficient between § and the
logarithm of the spontaneous rate was R= 0.0214, which is
not significant (p=0.7921), again as predicted by model 2, if
B is constant, but not as predicted by model 1, if o is con-
stant. These observations favour model 2 over model 1.

The values of g and a

The 154 estimates of the power 3 were broadly and asymmet-
rically distributed (Figure 3a; black circles), yielding a me-
dian of 3.83 and an interquartile range of 2.15 to 8.52. How-
ever, given the unavoidable noise in recorded AN fibre rate-
level functions, the reliability or accuracy with which 3 can

3
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be estimated depends on the relative range over which R(P)
varies with changes in SPL. If the ratio between the maxi-
mum rate and the spontaneous rate is small, the estimates of
B are less reliable than when that ratio is high. We therefore
examined the distributions of the estimates of f separately for
rate-level functions with different values of Rya/Rgpont. Fig-
ure 3b (black circles and vertical bars) shows that the larger
Rinax/Rspont» the narrower is the distribution of estimates, due
to a decrease in the upper border without an increase in the
lower border. Consequently, the larger Rya/Rgpons the lower
is the median of B. For the largest values of Rya/Rgpons the
estimates of B were narrowly distributed around 3. In con-
trast, the estimates of o derived from fits of model 1 to the
same data were rather narrowly distributed with an interquar-
tile range of 1.44 to 2.34 and a median of 1.95 (Figure 3a;
grey triangles), and Rya/Rgpon had little, if any, influence on
the width of the distribution (Figure 3b; grey triangles and
vertical bars).
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number of data points (in most cases, responses to 20 differ-
ent SPLs and spontaneous activity were recorded) and the
degrees of freedom (df=3). Figure 3c plots the median and
the interquartile ranges of this inverse measure of the good-
ness-of fit across the 154 rate-level functions as a function of
B (black circles) and a (grey triangles). For model 2, the best
— and about equally good — fits are obtained with values for 3
of 3 and of 4. Smaller values result in considerably poorer
fits, larger values in only marginally poorer fits. Similar re-
sults are obtained when the data are examined separately for
AN fibres with large and with small values of Ryu/Rspont
(Figure 3d,e). The residuals change very little for B > 3, par-
ticularly if Ryau/Rpont is small. These asymmetric effects on
the residuals of changes in f away from its presumed opti-
mum of 3 (see Figure 3b) are due to an inherent asymmetry
in the way a function generated according to model 2 can be
approximated by values of 3 smaller or larger than the one
used to generate the function, as explored with simulations
(not shown here). In contrast, with model 1 such an asymme-
try is less pronounced and the optimal integer value of o
across the population of rate-level functions is 2 (Figure 3c-¢;
grey symbols), confirming previous suggestions (e.g. Miiller
et al., 1991). In summary, our analyses suggest that the best
integer value for the power 3 of our new model is 3.

Application of model 2 with =3

Figure 4 shows eight examples of rate-level functions from
AN fibres differing widely in spontaneous rate and in CF,
along with the fits of model 2 when f is fixed at the pre-
sumed best integer value of 3. The quality of the fits is obvi-
ous. Across our sample, the fits with model 2 and =3 were
marginally, though not significantly, better than those with
the conventional model 1 and a=2 (e.g., cf. the inverse meas-
ures of the goodness-of-fit in Figure 3c-¢).
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Figure 3. Derivation of the best integer values of B of model
2 and o of model 1. a. Cumulative probabilities of estimates
of B and a when they are free parameters. The medians (3.83
for B and 1.95 for o) are shown by vertical dashed lines.
b. Medians and interquartile ranges of the distributions of
estimates of B and a calculated separately for functions with
similar ratios of Ry t0 Rypon. The larger Rya/Rpons, the nar-
rower is the distribution of [ estimates, due to a decrease of
the upper, but not the lower, borders of the distributions. For
large values of Rpya/Rgpon, such as those in Figure 4c, the
distribution of B is narrowly centred around 3. For a, there
are no such effects. c-e. Medians of the summed squared and
normalized residuals, calculated across all 154 functions (C)
or sub-groups with high and low R.x/Rspont (d and e, respec-
tively), obtained from fits with models 2 and 1, with 3 and o
fixed at small integer values. Note that errors are smallest for
B=3 or 4 (and 0=2), but increase asymmetrically, particularly
for . This suggests that, if B is constant and an integer num-
ber, it is most likely 3.

We next fitted each rate-level function with model 2, as well
as with model 1, fixing B and a to integer values from 1 to 5,
and examined the squared residuals. For each function and
integer value of the power, we determined the sum of the
squared residuals normalized by the difference between the
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Figure 4. a-d. Representative rate-level functions. Circles
represent spike rates recorded from 8 different AN fibres of
different CFs and spontaneous rates (plotted near the left
ordinate). Lines and dashes represent the fits of each data set
with model 2 and with f=3. Axes labels in @ and ¢ apply to
all panels. CF and stimulus frequency (F) are identified.
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The quality of the fits by model 2 and =3 can be further
appreciated by superimposing all individual spike rate meas-
ures from the 154 rate-level functions onto the common
model function y = x*/(1+x*). This requires the normalization
and transformation of each individual data set such that y =
R(P)/Ruae and X = (P+Pg)/ ((Rmax/k2)"?). Figure 5 provides
such a plot and shows that the 3,065 individual spike rate
measures scatter closely and apparently unsystematically
around the model function.

14
»
g 0.1 n=3,065
QzA from 154 functions
a
& 0.01 model 2 with p=3
+ data
¢ high-SR fibre
0.001 o A low-SR fibre
0.01 0.1 1 10 100 1000
113
(P+Po)((Rmax'ka) )

Figure 5. Superimposition of all rate-level combinations
(n=3,065) from all 154 rate-level functions onto the model
function (model 2 with f=3) using the appropriate transfor-
mation. Data points of two functions, one from a high-SR and
one from a low-SR fibre, are highlighted. Note the close scat-
ter of the data points around the model.

Parameters of model 2

All 3 free parameters of model 2 (Ryax, Po, K2), and conse-
quently also Ryyon (cf. equation (3)), varied widely between
AN fibres. In 50 of the 82 AN fibres, rate-level functions
were obtained at two or more frequencies, all well below CF,
allowing an examination of the changes in parameter esti-
mates with stimulus frequency for individual fibres. As ex-
pected, for any given AN fibre, estimates of Ry, and Rgyone
varied little and unsystematically with stimulus frequency
(not shown). On the other hand, and with increments in
stimulus frequency from 1 to 0.5 octaves below CF, estimates
of the sensitivity k, increased systematically by about 2 or-
ders of magnitude (corresponding to 80 dB/octave and
matching the steepness of conventional tuning curves) (Fig-
ure 6a) while those of Py decreased systematically by about
2/3 of an order of magnitude (Figure 6b). The two estimates
from any given AN fibre are tightly correlated with slopes
near -3 in a double-logarithmic plot (Figure 6c¢).

DISCUSSION

We have proposed here a new formula to describe rate-level
functions of AN fibres measured under conditions where the
BM mechanics are essentially linear. Our model has the same
small number of free parameters, viz. 3, as the conventional
and widely used Sachs-Abbas model, and it provides fits of
very similar goodness (Figures 3-5). However, our model is
superior because it accounts for the observed tight relation-
ship between spontancous rate and sensitivity of AN fibres
by variation of only a single parameter (viz., k;), while the
Sachs-Abbas model requires the tight co-variation of two
parameters which in the model itself are unrelated (see equa-
tion (1)). In our model, the co-variation of spontaneous rate
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and sensitivity is an emergent property of the model (Figure
1). Furthermore, our model, with a fixed power of =3, cor-
rectly predicts the subtle but systematic co-variation of the
estimates of the power a (when free) of the Sachs-Abbas
model with spontaneous rate (Figure 2). This co-variation
should not occur if rate-level functions were generated ac-
cording to the Sachs-Abbas model with a constant power o.
Several studies have proposed that the power a of the Sachs-
Abbas model varies with spontaneous rate, in the same fash-
ion as observed here and predicted by our model with =3,
and have concluded that the rate-level functions of fibres
with different spontaneous rates may be generated by differ-
ent mechanisms (Geisler, 1990; Eatock et al., 1991). Others
have proposed different mechanisms in low- versus high-
frequency regions of the cochlea (Johnson et al., 2008). With
our model, the assumption of different mechanisms is not
necessary. All functions can be fitted very well with a single
power of =3 (Figure 5). Hence, our model provides a more
parsimonious explanation of the rate-level functions. Of
course, our model can be combined with a (non-linear) me-
chanical input stage, just as the Sachs-Abbas model, to also
account for rate-level functions at and close to CF.
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Figure 6. Changes in the estimates of parameters k; (a) and
Po (b) as a function of frequency and their correlation (C).
Data from the same AN fibre are connected by straight lines.
Note the similar relative increase in k, and decrease in P, as
stimulus frequency approaches CF. Note the tight negative
correlation of k, and Py with a slope of -3 for most data sets
in this double-logarithmic plot.
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The value of the power B in our new model is clearly larger
than 2 and less than 5. Our best estimate of an integer number
is p=3 (Figure 3). This value is identical to that derived from
fits of a related model developed by us to account for the
dependence of the mean first-spike latencies of AN fibres on
sound level and rise time (Neubauer and Heil, 2008) and for
the distributions of first-spike latencies of low-spontaneous
rate fibres on sound level (Heil et al., 2008). Furthermore, a
value of 3 (or possibly 4), but not lower, was also derived by
us from analyses of a related psychophysical phenomenon,
namely the decrease in thresholds (when measured in dB
SPL) with increasing stimulus duration at the perceptual
level, in a variety of vertebrate species (Heil and Neubauer,
2003; Neubauer and Heil, 2004). Hence, our new model also
unites the rate-level functions of AN fibres with this ubiqui-
tous psychophysical phenomenon.

Possible physiological processes underlying the
model parameters

What could be the physiological equivalent of Pg such that it
could add to the effects of P? There is strong evidence that in
the absence of acoustic stimulation, the membrane potential
of the inner hair cell is sufficiently depolarized (around —70
mV) to ensure that the voltage-gated L-type Ca®" channels
(Ca,1.3 channels; Brandt et al., 2003; Robertson and Paki,
2002) near the release sites have a non-zero open probability,
allowing Ca?" ions to flow into the cell and to trigger trans-
mitter release from synaptic vesicles, which in turn gives rise
to spontaneous activity of AN fibres (for review see e.g.
Glowatzki et al., 2008). This relatively depolarized mem-
brane potential is maintained by a standing current flowing
through the transducer channels near the tips of stereocilia,
which in the absence of sound also have non-zero open prob-
ability (Wangemann and Schacht, 1996; Kros, 1996). Sound
stimulation increases the mean open probability of these
transducer channels, depolarizes the membrane potential
further, increases the open probability of the Ca,1.3 channels,
and hence increases the influx of Ca®* jons needed to trigger
release. Therefore, a negative stimulus amplitude of -P = P,
would be required to close all (or nearly all) transducer chan-
nels and/or to hyperpolarize the inner hair cell membrane to
values sufficient to close all (or nearly all) Ca,1.3 channels,
such that transmitter release is prevented. For a given inner
hair cell, the negative stimulus amplitude required to achieve
these effects will of course be dependent on the cell’s sensi-
tivity to the stimulus frequency. Hence, the increase of Py as
the stimulus frequency moves away from CF (Figure 6b) and
the cell’s sensitivity decreases (Figure 6a), and the magnitude
of the trade-off (Figure 6¢), are expected from this interpreta-
tion.

In principle, our model can therefore also account for spike
rates lower than Ry, With low-frequency tones the instan-
taneous pressure is negative for half-cycles that are reasona-
bly long relative to the membrane time constant. With such
stimuli, it should be possible to validate the prediction of
spike rates lower than Ry, and, indeed, instantaneous firing
rates below the spontaneous rate, even down to zero, can be
observed (e.g., Rose et al., 1967; Palmer and Russell 1986;
Palmer and Shackleton 2009). On this view, P, defines the
point of operation about which R(P) is modulated up or down
at low frequencies by positive and negative instantaneous
pressures, respectively. Note that since >1, the increase in
R(P) above R,y €licited by a given positive value of P will
be larger than the decrease in R(P) below Ry, elicited by the
same negative value of P. Thus, an expansive power of =3
will result in, or contribute to, half-wave rectification. Of
course, the low-pass filtering properties of the inner hair cell
membrane combined with the half-wave rectification will
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prevent spike rates to fall below Rgyon¢ in response to high-
frequency tones.

The sensitivity parameter k, represents a concatenation of all
gains in the system up to the level of the recorded AN fibre
response. These gains vary among fibres, even for the same
stimulus frequency. For any given fibre, the gain also varies
with stimulus frequency (Figure 6a). The frequency depend-
ence of k, for a given fibre largely reflects the cochlear filter-
ing; the changes in sensitivity (80 dB/octave) over the fre-
quency range studied here (1 to 0.5 octaves below CF) match
quite well the steepness of the reported slopes of conven-
tional tuning curves over the corresponding frequency range
(e.g. Evans, 1972). Even though it has never been shown
directly, it is likely that in mammals AN fibres of different
sensitivities and spontaneous rates can innervate the same
inner hair cell (e.g. Liberman, 1982). What could account for
their differences in sensitivity? Apart from postsynaptic fac-
tors, differences in presynaptic factors are likely, as discussed
elsewhere (Heil and Neubauer, 2001). Since the inner hair
cell is presumably iso-potential, an attractive possibility is
that there might be differences in the number or spatial ar-
rangements of the Ca,1.3 channels at the different presynap-
tic sites. These differences would then lead to differences, at
any given membrane potential or change thereof, in the total
Ca®" influx and possibly also in the Ca®* concentration near
the Ca*" sensors mediating release. Recently, evidence for
pronounced differences in the Ca®" influx at different Ca®*
hot-spots within the same inner hair cell has been obtained
(Frank et al., 2009; Meyer et al., 2009). If our reasoning that
the power B=3 represents the binding of 3 Ca*" ions to the
Ca*" sensors is correct (see below), 10-fold differences in
Ca®" concentration at the different presynaptic active zones
would suffice to account for 1000-fold (=10%; 60 dB) differ-
ences in AN fibre sensitivity.

With respect to 3, we have argued previously that it might
represent the number of Ca*" binding steps to the Ca®" sen-
sors mediating exocytosis from the inner hair cell (Heil and
Neubauer, 2003; Neubauer and Heil, 2008; Heil et al., 2008),
and this study provides no evidence against this assumption.
However, several recent studies have proposed that the Ca®*
dependence of vesicle release from inner hair cells were lin-
car (see Glowatzki et al., 2008 for review). Notably, how-
ever, most of these studies employed capacitance changes of
the inner hair cell membrane and/or whole-cell recordings of
Ca®" entry into the cell. Such measures reflect the sum of
processes occurring at all of the 10 to 30 synapses of a given
inner hair cell and possibly also at extrasynaptic sites. It
therefore remains to be seen whether these data can rule out a
higher-order Ca** dependence of vesicle release at individual
synapses.

Conclusions

In summary, we have proposed here a new and parsimonious
model to account for the shapes of AN fibre rate-level func-
tions. It is a simple saturating higher-order power function, in
which the input is the sum of a baseline and of the stimulus
amplitude. In this way, the model accounts for spontaneous
activity and its tight correlation with AN fibre sensitivity. In
addition, a common power of =3 can account for all ex-
perimental data. This suggests that all ribbon synapses in
inner hair cells function in essentially the same way, a con-
clusion also reached by us based on detailed analyses of in-
ter-spike interval distributions during spontaneous activity
(Heil et al., 2007). Only differences in sensitivity are needed
to account for the variety of the shapes of AN fibre rate-level
functions (below CF) and of spontaneous discharge rates.
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