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Chapter 4

The significance of
nonlinearities in the
dynamics of the cupula in
the lateral line of ruffe
(Gymnocephalus cernuus)

4.1 Introduction

The mechano-sensory function of the lateral line organ in fish and amphibians is
to supply the organism with information about changes in the fluid flow field with
respect to its body. Such changes are caused by the motion of organisms or objects,
causing vibration of the fluid in close proximity to the fish (Dijkgraaf 1963; Kalmijn
1988) at distances of the order of its body length (Denton and Gray 1983; Kalmijn
1988; Coombs and Conley 1997b; Coombs et al. 2000; Chapter 5).

The lateral line contains neuromasts, groups of hair cells covered with an aqueous
cupula. Hair cells are specialised for mechano-detection. They consist of a main
cell body and a structure protruding from its apical part known as the hair bundle.
The hair bundle consists of stereocilia whose neighbouring tips are connected by a
small structure resembling a rope, called the tip link. It is assumed that mechano-
transduction channels are situated at the ends of the tip links, and that their open
probability depends on the tension caused by the tip links when the hair bundle is
displaced (Howard and Hudspeth 1988).

The hair bundle protrudes into the overlying cupula. Fluid flow past the cupula
drives it hydrodynamically such that it slides over the hair cells and deflects the hair
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4.2 Materials and methods

bundles which are well coupled to the cupula (van Netten and Khanna 1994). It is
known that the cupular motion reflects both the hydrodynamics of the fluid flowing
past it and the mechanical properties of the hair bundles (review: van Netten 2006).
In the present study we characterise the extent to which the mechanical properties
of the hair bundle affects the dynamics of the cupula in response to transient stimuli.

Deflection of the hair bundles in their sensitive direction causes opening of the
mechano-transduction channels. This in turn causes a decrease in the overall hair
bundle stiffness, the so-called gating compliance, due to a relief of the tip links
(review: Hudspeth 2000). A change in the stiffness of the underlying hair bundles
will cause a change in the stiffness of the cupula. This will result in nonlinear
dynamics of the cupula with respect to the driving fluid flow.

The nonlinear behaviour of the cupula was previously reported by van Netten
and Khanna (1994). In their experiments, cupulae were stimulated by an amplitude-
modulated fluid flow produced by two different carrier frequencies. The nonlinear
cupular response was attributed to the gating compliance resulting from the open-
ing or closing of the transduction channels. In the previous chapter we compared
frequency responses of the cupula to a sinusoidal stimulus with frequency responses
calculated from responses to impulse stimuli (Ćurčić-Blake and van Netten 2006).
For the range of amplitudes used in that study we observed no differences between
the two types of responses.

In the present chapter we describe how the nonlinearities of the cupula caused
by nonlinearities of the underlying hair bundles can be evaluated. Our goal was to
study the extent of the nonlinearities and the effect they might have on the tempo-
ral sensitivity of the cupula. By examining the impulse responses of the cupula for
different command amplitudes we were able to quantify both the timing and mag-
nitude of the nonlinear mechanics of the cupula induced by hair cell transduction.
A nonlinear model of cupular dynamics (van Netten 1993; Van Netten and Khanna
1994) was used to explain the effects of the nonlinearities on the mechanics of the
cupula.

4.2 Materials and methods

4.2.1 Preparation

Ruffe (Gymnocephalus cernuus) (n = 21) with body lengths ranging from 9.5 -
15 cm were prepared for experiments as described previously (e.g. Wiersinga-Post
and van Netten 2000). Fish were anaesthetised with an intraperitoneal injection of
Saffan (Mallinckrodt Veterinary, Uxbridge, UK) at a concentration of 60 mg per kg
body weight and placed in a water tank. They were respired by a flow of tap water
through their gills and kept firm by head and body clamps. In order to measure
the mechanics of the cupula covering neuromast no. 3 (as described by Jakubowsky
1963) in the supraorbital lateral line of ruffe, the skin and the bony bridge covering
the canal were removed. A small mirror was placed in the eye orbital beneath
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the cupula, enabling to optically monitor the cupula by an incident-light polarising
microscope (ILPM; Kroese and van Netten 1987). Inspection of the blood flow
through the capillaries in the eye was carried out to determine the condition of
the fish. In addition, the blood flow through capillary vessels in the macula was
monitored during the experiment to ensure that the neuromasts were in a healthy
condition.

4.2.2 Stimulation and recording

Cupulae were stimulated by water flowing past them. The flow was produced by
a sphere submerged in the canal lymph with a diameter of 1 mm, placed in the
canal at a distance of ∼ 4 mm in front of the cupula. The sphere was mounted
on a piezo-electric actuator that displaced the water in proportion to the command
voltage (Tsang 1997). The sphere was positioned such that the direction of its
displacement was parallel to the canal axis in order to stimulate the cupula in the
direction in which the underlying hair cells were most sensitive.

The command voltage was produced and controlled by a program written using
Asyst software. It was low-pass filtered with a cut-off frequency of 950 Hz (8-pole
Bessel, Krohn-Hite, 3988) and applied to the piezo-actuator.

The cupular displacement was measured by a differential laser interferometer
coupled to the incident light polarizing microscope (LIM; Chapter II; see also Kroese
and van Netten 1987; van Netten 1988). The laser light reflected from the cupula
was detected using a photomultiplier (Hamamatsu, R1477). The output of the
photomultiplier was further processed by a modified demodulator (Polytec, OVF
3000). The digitally decoded output of the demodulator is proportional to the dis-
placement of the cupula, with an accuracy ranging from 1.5 - 2 nm (corresponding
to the average of 500 - 250 measurements). The signal was further low-pass fil-
tered (8-pole Bessel filter, Frequency Devices), amplified and digitised (16-bit A/D
converter, Ariel, DSP-16). The sampling frequency was dependent on the type of
stimulus. For stimulus I (see Stimulus sub-sections) the sampling frequency was 16
kHz. For stimulus II it was 32 times the stimulus frequency.

Stimulus I

Cupulae were stimulated using two types of stimulus protocols.
Stimulus protocol I (stimulus I) consists of a step-wise sphere displacement pro-

duced in order to obtain impulse responses of the cupula (for more details, see
Ćurčić-Blake and van Netten 2006, chapter III of this thesis). In our measurements
a step-wise sphere displacement was created by applying a command voltage V to
the piezo-electric element, consisting of a combination of a cosine enveloping a step
function:
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4.2 Materials and methods

V = V0 ·



0 t ∈ (-2,0) ms
cos2( 2πt

∆t ) t ∈ (0,∆t) ms
1 t ∈ (∆t, 130) ms

(4.1)

Here, ∆t = 0.978 ms. The intermediate cos2 function was used in order to smoothen
the function such that resonances of the sphere, evoked by the step-wise sphere
displacement were minimised. If the sphere would be displaced in a step-wise fashion
without any low-pass filtering, ripples would occur at the resonant frequency of the
piezo apparatus, caused by its finite stiffness and mass. The voltage amplitude V0

was usually stepped through a series of 15 increasing values. The range of voltages
that was used depended on the distance of the sphere from the cupula. It was varied
in order to obtain cupular responses with displacement amplitudes ranging from the
lowest measurable value (limited by measurement accuracy 1.5 nm) to 200 nm. The
voltage values were always between 0.01 - 2.9 V. The most common series used in
our experiments was {0.05, 0.08, 0.1, 0.3, 0.5, 0.7, . . . 2.5, 2.7}. Stimulus I protocol is
illustrated in Figure 4.1a.

The cupular impulse responses to stimulus I were further processed using a pro-
gram written in MatLab. The frequency response of the cupula to a constant fluid
velocity amplitude was calculated by taking the FFT of the cupular displacement in
response to a velocity impulse (for details see Ćurčić-Blake and van Netten 2006).

In order to evaluate the effect of nonlinearities of the hair bundles on the timing
of the cupula, the subsequent zero-crossings for a series of responses with stepped
amplitudes were compared. The timing of a zero-crossing is the onset of the related
stimulus and the moment at which the cupula crosses its equilibrium position. The
first zero-crossing time, t0, is the time when the cupula first crosses its equilibrium
position after the onset of the stimulus. The second zero-crossing, denoted by
t1, is related to the resonance frequency of the cupula, frI. The influence of the
nonlinearities on subsequent zero-crossings, t2 and t3, are also compared. The
variations in the times t1, t2 and t3 for the responses with different amplitudes
arising from nonlinearities are denoted by ∆t1, ∆t2 and ∆t3, respectively. The
interval between t0 and t2 is taken as the period of oscillations and the resonance
frequency frI is taken to be inversely proportional to that period.

Stimulus II

Stimulus protocol II consisted of a series of sinusoidal sphere displacements at fre-
quencies ranging from 30 - 500 Hz. The voltage amplitudes applied to the piezo-
actuator were within the same range as those for stimulus I (usually 6 - 10 values).
The frequency responses of the cupula were directly obtained from the cupular re-
sponses to stimulus II. The frequency responses II were evaluated using the linear
model previously described by van Netten (1991). The resonance number Nr and
the transition frequency ft were calculated for each value in the series of applied
voltages (see Ćurčić-Blake and van Netten 2006, Chapter 3, Eqs. 3b and 3c). The
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resonance frequency frII obtained from the stimulus II was determined from the
maximum of the model fitted to the data (described in Chapter 3).

4.2.3 Ratio traces

In order to evaluate the differences among impulse responses for different stimulus
amplitudes, we created graphs from the impulse responses by dividing each of them
by the response obtained at the highest command voltage, 2.7 V. We will hereafter
refer to the traces obtained in this way as ratio traces. The large ”singularities”
occurring at points where the displacement of the impulse response to the com-
mand voltage (2.7 V) is small are disregarded. The traces in between the adjacent
singularities are the important features of this analysis. We will refer to the time
periods between the singularities as the excursion periods.

Ratio traces are convenient for assessing nonlinearities. Any deviation from lin-
earity shows up as a non-constant value during an excursion period. The ratio traces
are also convenient for estimating timing differences among responses of different
amplitude. If two responses have the same timing and only differ in their ampli-
tude, the ratio of the two responses will be a constant function of time. However, a
small variation in the timing of one of the responses with respect to the other will
cause a monotonous increase or decrease of the ratio between the two traces. For
example, if a response has a shorter period of oscillation, it will then have a phase
lead compared to the second trace. The ratio trace of the shorter to longer response
will then decrease with time during an excursion period. Conversely, if a response
with larger amplitude has a longer period than the second one, their ratio trace will
increase within the excursion period.

4.2.4 Input-output curves

Input-output curves were created by drawing the averaged value over the whole
second excursion period vs. the input voltage (which is proportional to the stimulus
displacement amplitude).

4.2.5 Nonlinear model of cupular dynamics

Nonlinear dynamic displacement responses of the cupula, X(t) (Figure 4.5b) to
fluid (step) displacement, D(t), were calculated by solving the nonlinear differential
equation (van Netten 1993):

M
d2X(t)

dt2
= M∗ d2D(t)

dt2
+ Ffl − SX(t) − Fgs(X(t)) (4.2)

Here M is the mass of the cupula, while M∗ denotes the mass of the fluid displaced
by it. The fluid force Ffl depends on the relative motion of the cupula with respect
to the fluid and is approximated by the properties of a viscous (µ = 0.019 kg/(m·
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Figure 4.1: Experimental protocol for measurement of impulse responses. (a) Measured step dis-
placement of the sphere having different amplitudes. The measured stimulus sphere displacement
is proportional to input voltage. The input step voltage described by Eq. 4.1 was additionally
filtered (cut-off at 950 Hz) and stepped from 0.08 V to 2.5 V in 15 steps (see Methods). (b) Re-
sponses of the cupula to the series of steps. For clarity only 6 step stimuli (a) and the corresponding
6 cupular responses (b) are shown.

s)) Stokes flow past a (hemi) sphere with radius a (4 · 10−4 m) and represents both
a viscous and an inertial term (e.g. van Netten and Khanna 1994):

Ffl = −6πaµ

(
dX(t)

dt
− dD(t)

dt

)
− 1

2
M∗

(
d2X(t)

dt2
− d2D(t)

dt2

)
(4.3)

The nonlinearity in Eq. 4.2 is assumed to result from the gating mechanism of the
hair cells, which is reflected in cupular mechanics via the term Fgs(X(t)). This term
describes the relief in the gating spring tension caused by channel opening (gating
compliance) and depends on the displacement of the cupula, X(t). If a two state
model of the transducer channel is considered, Fgs can be described by a double
Boltzmann relation, representing the two populations of morphologically polarized
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hair cells:

Fgs(X) = Ztot

([
exp

(
Z

kT
(X + X0)

)
+ 1

]−1

−
[
exp

(−Z

kT
(X − X0)

)
+ 1

]−1
)

(4.4)
Here, kT (≈ 4.1 · 10−21 J at room temperature) has its usual meaning, while Ztot

(5.7 nN) equals the summed gating forces of all transducer channels of the hair
cells underlying a cupula and Z (205 fN) is the elementary gating force. Their
ratio, corresponding to half the number of channels, equals therefore in the fits
about 27800. Assuming 1000 hair cells underlying a cupula (van Netten and Kroese
1987), this would amount to about 56 transducer channels per hair cell. In the fits
X0 was 60 nm.

The gating force (Eq. 4.4) adds to the linear force, S · X(t), which results from
passive linear elastic forces associated with the bundle’s pivoting and stereociliar
links, including the linear elastic forces from the gating springs. The value of S used
for the fits is 0.19 N/m. The stiffness, as used for the fits is shown Fig. 4.5e. Its
symmetric shape with respect to the cupular equilibrium position clearly shows the
two minima related to the gating compliance of the two populations of hair cells.

Equation 4.2 was solved using a fourth order Runge-Kutta algorithm (time res-
olution 29.3 µs), which was programmed in Asyst software. The excitatory fluid
displacement stimulus, D(t), was modeled as a step with a rise time ≈ 1 ms, similar
to the experimentally used fluid steps (Figure 4.5a).

4.3 Results

In order to examine the mechanical nonlinearities of the cupula, the responses of
the cupula to a series of different stimulus amplitudes were measured. The cupulae
were stimulated using two types of stimulus protocols, as described in the Methods
section. The mechanical responses to both types of stimuli were obtained for n =
20 fish.

4.3.1 Impulse responses to a series of input amplitudes

Impulse responses (stimulus I) of the cupula for a series of input amplitudes were
measured. The data were also evaluated by examining the frequency response to
stimulus II at the beginning and at the end of the experiment. Only those measure-
ments for which the frequency responses showed no change in the cupular resonant
frequency obtained from stimulus II, frII, were taken into further consideration.
This was done because over the course of a measurement (∼2 hours) it was possible
that a neuromast could undergo changes such as deterioration of the sensory struc-
ture, which would be reflected by changes in the frequency characteristics, usually
seen as a shift of frII towards lower frequencies. Therefore, n = 16 measurements
were selected for further analysis.
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edc
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Figure 4.2: Variation in the impulse response of the cupula for different stimulus amplitudes. (a)
Stimulus voltage step. (b) Impulse responses to increasing stimulus amplitude. (c - e) Enlargement
of impulse responses from encircled regions in (b).

Figure 4.1 illustrates the stimulus protocol and the measurement of impulse
responses. Although the stimulus voltage was stepped through a series of 15 values,
in Figure 4.1 only 6 values were depicted for clarity. The displacement of the
stimulus sphere producing the series of stimulus I amplitudes is depicted in Figure
4.1a. The displacement of the sphere was measured with the LIM.

The responses of the cupula to the water motion produced by these series of
sphere displacements are depicted for one cupula in Figure 4.1b. These responses
resemble damped oscillations. It is obvious from Figure 4.1b that the cupular
impulse response is similar in shape for all input amplitudes used. An increase in
the input amplitude induces an increase in the response amplitude.

4.3.2 Duration of impulse responses

One aim of this study was to investigate the nonlinearities in cupular responses. The
first step was to compare the impulse responses for different stimulus amplitudes.
How the timing of the various intensity responses depends on the stimulus amplitude
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can be seen in Figure 4.2. The timing of the zero-crossings (t0, t1, t2 etc.) are
points in time when the cupula passes its resting position, corresponding to zero
displacement. For the first peak and zero-crossing (t0) the timings are the same
among all responses. However, at t1 (encircled as c in Figure 4.2b and enlarged in
Figure 4.2c) the variation in timing is of the order of half a millisecond (∆t1 = 0.65
ms). The third and the fourth zero-crossing, t2 and t3, are encircled as d and e
in Figure 4.2b and enlarged in Figures 4.2d and 4.2e respectively. The effect of
broadening the difference in zero-crossing times for different command amplitudes
is cumulative (i.e., for every subsequent zero-crossing there is an increase in the
deviation of the zero-crossing times for the series of amplitudes). For example in
Figure 4.2 the deviations in timing with respect to the various input amplitudes are
∆t2 = 1.05 ms and ∆t3 = 1.68 ms.
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Figure 4.3: Ratio traces to show nonlinear cupular impulse responses. (a) The cupular response
(same as in Figure 4.1b). (b) Impulse responses of the cupula in (a) divided by the cupular
response for the maximum stimulus voltage (2.7 V) (ratio traces). (c) Output-input curves (see
Methods). The curves representing the relationship between input amplitude and output peak
amplitude show no significant, clear and consistent nonlinearities.
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This difference in timing is also clearly seen in Figure 4.3b, which was obtained
from the impulse responses in Figure 4.3a by creating ratio traces (see Methods
section 4.2.3). The first, second and third excursion periods for the ratio traces
of one cupula are shown in Figure 4.3b. The flat line (value 1) corresponds to
the maximum (2.7 V response divided by itself). The other ratio traces reflect
nonlinear behaviour, as evident in Figure 4.3b (see explanation in Methods section
4.2.3) because they are not flat horizontal lines. It is their timing that differs most
significantly. In Figure 4.3 the ratio traces in the middle of the amplitude range
increase with time across each excursion period, while the ratio traces at the low
and high amplitudes of the range are approximately flat. That means (see Methods
section 4.2.3) that the impulse responses for command amplitudes lower than 2.7 V
are either delayed with respect to the 2.7 V impulse response (for the traces in the
middle of the amplitude range), or have the same timing as the 2.7 V response (for
the lower amplitude traces). Additionally, the extent of this monotonic increase
in the middle range becomes greater with each successive excursion period. Thus,
for the second excursion period the slope of the ratio trace in the middle range
is already greater than the corresponding traces in the first excursion period, but
smaller than that for the third. In summary, the middle range cupular responses
have longer oscillation periods than those from the edges of the range (see also
Methods).
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Figure 4.4: Ratio traces for cupulae with (a) increasing ratio traces in the middle of the range.
(b) Constant ratio traces over the whole range. (c) Decreasing ratio traces over the whole range.
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Nr. Data t1min t1max Ät1 t2min t2max Ät2 t3min t3max Ät03 ÄfrI

1 42061 8.75 9.84 1.09 12.91 16.08 3.17 18.25 20.11 1.86 26.58

2 4209 9.67 10.88 1.21 16.72 17.95 1.23 20.93 22.48 1.55 7.76

3 4211 7.33 7.94 0.61 10.03 10.78 0.75 13.75 14.89 1.14 14.21

4 4213 10.66 11.65 0.99 16.23 18.01 1.78 21.38 22.92 1.54 11.71

5 4217 9.36 10.13 0.77 15.45 16.72 1.27 18.81 20.14 1.33 8.31

6 42101 9.99 10.63 0.64 15.70 16.83 1.13 21.02 22.5 1.48 7.5

7 4331 9.5 10.38 0.88 15.32 16.25 0.93 21.1 22.2 1.1 6.56

8 4401 9.16 9.64 0.48 15.04 15.86 0.58 21.17 22.11 0.94 5.63

Mean ±

SD

0.83 ± 0.25 1.4 ± 0.8 1.4 ± 0.3 11 ± 7

Table 4.1: The zero-crossings and their difference for cupulae that showed an increase in ratio

traces in the middle amplitude range.

We observed the above type of behaviour in n = 8 cupulae. The results for
these 8 cupula are summarized in Table 1. In n = 2 cupulae there was no increase
of the ratio traces with time, but we observed rather constant values within each
excursion period. For n = 2 cupulae the ratio traces clearly decreased during each
excursion period. We illustrate these deviating ratio traces in Figures 4.4a, b and
c. In addition, for n = 2 cupulae the ratio traces increased in a constant manner
(not shown).

In addition, the cupulae were stimulated in two directions from head to tail
and opposite. We compared the ratio traces for cupular displacement in these two
directions in order to confirm the timing change (data not shown). All cupulae
retained the same trends in their ratio traces.

4.3.3 Model results

We also quantitatively estimated the timing of impulse response results as produced
by a nonlinear cupular model. The model results (see Methods section) are shown
in Figure 4.5 and were calculated to match the range of the impulse response am-
plitudes for the example in Figure 4.2. The stiffness profile used is shown in Figure
4.5e. The calculated temporal behaviour of the impulse responses for the range of
amplitudes shows the following characteristics: when going from low to high ampli-
tude the period of the oscillations is first short, then slowly increases before starting
to decrease again above a certain amplitude of displacement. This is evident in the
shift of the zero-crossing for the first period (Figure 4.5d). From the measured
impulse responses, the difference in timing of the first period (second zero-crossing)
is 0.65 ms. The difference in timing obtained from the fitted model is 0.6 ms and
therefore closely simulates the measurements.

The ratio traces calculated from model values are shown in Figure 4.5c. The
monotonic increase in the middle range of displacement amplitudes is obvious.
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4.3.4 Frequency characteristics of cupulae for a series of am-
plitudes

Frequency responses of the cupulae were obtained from both stimuli (I and II).
Figure 4.6 compares the results of the frequency characteristics for a cupula with
an increasing period of oscillation in the middle range of amplitudes. Those related
to stimulus II (sinusoidal stimuli) were measured directly (Figures 4.6a; see Meth-
ods), and those related to stimulus I were calculated from the impulse responses
(Figure 4.6b). The dashed vertical line at 100 Hz is drawn for easier comparison.
It may clearly be seen that the resonance frequency follows the change in period of
oscillations for the range of amplitudes used by stimulus I.

To compare the resonance frequencies, we used zero-crossings measured with
stimulus I. The interval between t0 and t2 is taken as the period of the oscillations
and the resonant frequency (frI) of the cupula is taken to be inversely proportional
to this period. We calculated the total variation in fr across the combined ranges
for stimulus I to be 11 ± 7 Hz for all displacements and for stimulus II 6 ± 4 Hz.
The results are presented in Tables 4.1 and 4.2.

4.4 Discussion and conclusions

4.4.1 Nonlinearities affect impulse responses

We investigated impulse responses of the cupula to fluid displacement steps with
a series of stimulus amplitudes. The cupula follows the initial fluid step without
significant time delay (Ćurčić and van Netten 2006). This is followed by oscillations
of the cupula at its resonance frequency, fr. Our goal was to investigate the extent
to which the nonlinearity of the hair bundles influences cupular mechanics.

It is known that the resonance frequency of the cupula depends on the mass and
the stiffness coupling of the cupula to the underlying hair bundles. If the stiffness
does not change, fr is constant. If there is a reduced tension in gating springs of
the hair bundles (gating compliance), the stiffness is affected and fr will change. If
the total change in cupular sliding stiffness depends on the displacement of the hair
bundles (van Netten and Khanna 1994), it follows that fr will change when different
stimulus amplitudes are applied. In our experiments we confirmed this hypothesis,
observing a change in fr of 11 ± 7 Hz for the range of amplitudes used.

Figure 4.2 shows that the timing of the cupula varies for different cupular dis-
placement amplitudes. It is readily apparent (Fig. 4.2c) that with increasing stimu-
lus amplitude, the period of the response oscillation first becomes longer for middle-
range response amplitudes and then again shorter for higher amplitudes. Nonlinear
model calculations show the same trend in the period of oscillation.
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Figure 4.5: Nonlinear model of cupular impulse responses. (a) Stimulus fluid displacement. (b)
Modeled impulse responses for the range of amplitudes as in Figure 4.2. (c) Ratio traces for model
impulse responses from (b). (d) Enlargement of impulse responses from circled regions in (b). (e)
Stiffness of the cupula calculated from impulse responses in (b).

4.4.2 Displacement range in which nonlinearities occur

Figure 4.3 is representative of the nonlinear behaviour of the cupulae that we ob-
served in most experiments. For the cupulae (n = 8) ratio traces monotonically
increase in the middle of the range over the excursion period, and are flat other-
wise. This monotonic increase is related to the increase in the period of oscillations
of the cupula (see section 4.2.3) and it is related to the nonlinear stiffness of the
cupula. The resonance frequency is proportional to the square root of the stiffness
(van Netten 1991), which is proportional to the stiffness of the underlying hair bun-
dles. With cupular displacement in one direction a number of transducer channels
in the tips of stereocilia opens, causing gating compliance and a decrease in overall
stiffness. Therefore, by sweeping the cupula over its dynamic range from the resting
position with increasing amplitude, the cupula displays first decreasing stiffness and
then increasing stiffness. This is illustrated in Figure 4.5e, where the stiffness for
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Figure 4.6: l (a) and (c) Frequency characteristics (amplitude and phase) for different stimulus
amplitudes (stimulus protocol II) with corresponding linear cupular model fits. (b) and (d) Fre-
quency characteristics obtained from impulse responses. Dashed vertical line at 100 Hz is drawn
to indicate the slight difference in resonant frequencies.

the modeled cupular response is shown. The graph shows two gaps in the stiffness
curve, which correspond to the gating compliance arising from the two populations
of oppositely oriented hair cell bundles. The gaps along the displacement axis are
separated; the resting position of the cupula is in between those gaps. When the
cupula is slightly displaced it does not reach the point where a change in the stiff-
ness of transducer channels occurs. When the stiffness dips are reached, the period
of oscillation increases because of reduced stiffness. Beyond the stiffness dip the
period of oscillation becomes shorter again. The period of oscillation is accordingly
increased in the middle of the range, as compared to high amplitudes. This is re-
flected in monotonically increasing ratios in the middle-amplitude range.

In two cupulae we observed no increase of the ratio traces with time, and in two
other cupulae the responses for lower amplitudes led those of higher amplitudes.
The most probable reason for the variety of period changes observed for various
cupulae is that the range of fluid displacements used does not translate to the same
displacement range for all cupulae because of variations in sensitivity.
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The significance of nonlinearities in the dynamics of the
cupula in the lateral line of ruffe (Gymnocephalus cernuus)

Data frII1 frII2 ÄfrII

1 42061 -- -- --

2 42062 87 81.4 5.62

3 4209 84.9 86.4 1.5

4 4211 119.7 122 2.25

5 4213 82.5 88.3 5.85

6 4216 66.45 67.8 1.35

7 4217 92.1 104.3 12.15

8 4219 74.4 79.7 5.25

9 42121 83.4 82.3 1.05

10 42122 111.3 109 2.3

11 42101 86.4 94.2 7.8

12 42102 84.9 81.1 3.75

13 4326 120.45 130.9 10.45

14 4331 88.35 97.3 9

15 4401 86.1 99.7 13.65

16 4402 110 118.4 8.37

Mean ±

SD

6 ± 4

Table 4.2: The variations in resonant frequencies obtained from stimulus II

4.4.3 The significance of nonlinearities for the sensitivity of
the cupula

In the present paper we have shown that the nonlinearities of the cupula arising
from the opening of the transducer channels of the underlying epithelia most likely
induce a shift in the period of oscillations of the cupula. In the case of Figure 4.2,
we determined a shift of 0.65 ms for a period that was originally ∼ 8 ms. This
corresponds to a frequency shift of ∼ 9 Hz for a resonant frequency of ∼125 Hz. We
measured a shift of 11 ± 7 Hz for all of the cupulae. In previous studies the resonance
frequency was calculated to be 128 ± 60 Hz (Ćurčić-Blake and van Netten 2006).
The variations in the resonance frequency of the same type of cupula among different
fish arise from natural variations in the cupular size and the number of operational
hair bundles. These variations in frequency (60 Hz) are significantly larger than
those arising from the nonlinearities in a single cupula. The relaxation time of the
cupula was also measured earlier and estimated to be ∼ 5 ms. This is considered
to be a measure of the time that a cupula needs to recover to its equilibrium
position after a displacement step. The variations of 0.65 ms in the period are
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4.4 Discussion and conclusions

relatively small compared to the relaxation time, and it is not likely that they will
affect the detection performance significantly or have a major impact on the further
processing of lateral line signals. The input-output curves (Figure 4.3) increased
mainly monotonically, showing no significant influence of the nonlinearities for the
amplitude resolution used in the experiments. The main conclusion thus is that the
cupular nonlinearities, being an intrinsic characteristic of a properly functioning
transduction machinery, do neither impose significant constraints on the sensitivity
nor on the temporal resolution of lateral line signal processing.
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