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Chapter 3

Rapid responses of the
cupula in the lateral line of
ruffe (Gymnocephalus cernuus)1

3.1 Introduction

The mechano-sensory lateral line organ of fish and aquatic amphibians, like the inner
ear and vestibular system of mammals, belongs to the acoustico-lateralis system.
The lateral line organ is used by aquatic animals to detect water vibrations relative
to their body at frequencies below a few hundred Hz (Dijkgraaf 1963; Coombs and
Janssen 1990; Bleckmann 1993). The mechano-sensory lateral line organ is used
for prey detection (Hoekstra and Janssen 1985; Montgomery and Macdonald 1987;
Enger et al. 1989), intraspecific communication (Partridge and Pitcher 1980; Satou
et al. 1994), stationary object detection (Dijkgraaf 1963; Abdel-Latif et al. 1990)
and rheotaxis (Montgomery et al. 1997).

Neuromasts are the functional peripheral detection units of the lateral line organ.
These detection units consist of groups of mechano-sensory hair cells covered with
an aqueous cupula and may be situated on the skin (superficial neuromasts) or
in a system of sub-epidermal canals (canal neuromasts), which are only present in
fish. In both subsystems, the lateral line organ is distributed along the body, or, in
fish, running laterally along the trunk. Neuromasts are mechanically stimulated via
their cupulae. Cupulae are hydrodynamically excited by the fluid that flows past
them, which is either the canal lymph (canal neuromasts), or the surrounding water
(superficial neuromasts). Cupulae slide along the sensory epithelium so that the
bundles of the hair cell, protruding into the cupular base, are deflected. Deflection

1Ćurčić-Blake B and van Netten SM (2005). Rapid responses of the cupula in the lateral line
of ruffe (Gymnocephalus cernuus). J Comp Physiol A 191:393-401.
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3.1 Introduction

of the bundles causes hair cell transducer channels to open (Hudspeth et al. 2000),
which starts a cascade of events leading eventually to hair cell depolarisation that
triggers action potentials in afferent nerves (e.g. Russel 1976; Kroese and van Netten
1989). This stimulus-coded afferent activity is transferred to the central nervous
system for further processing.

The dynamics of the cupula of the ruffe (Gymnocephalus cernuus) in the supra-
orbital canal has been investigated previously using experimental techniques to
determine its mechanical responses to sinusoidal fluid displacement produced in
the canal in the frequency range of a few Hz up to several hundreds of Hz (van
Netten and Kroese 1987). In combination with theoretical calculations, the mea-
sured frequency characteristics could be explained in terms of a frequency-dependent
boundary layer driving the cupula (van Netten 1991). At frequencies ranging from
d.c. to between 10 and 20 Hz, cupulae are displaced in proportion to fluid veloc-
ity, and thus can be considered pure detectors of fluid velocity (Denton and Gray
1983; Kalmijn 1988). Beyond these frequencies the cupula acts as a detector of a
frequency-dependent combination of fluid velocity and acceleration up to the reso-
nance frequency, which occurs on average at approximately 120 Hz and is related
to hair bundle stiffness in combination with cupular and fluid mass. At frequen-
cies beyond that of the resonance, the cupula tends to move in phase and with the
same amplitude as the excitatory fluid, because stiffness forces become negligible
compared to inertial forces.

Remarkably, the rather complex cupular mechanics, together with the filtering
of viscous fluid flow controlled by the canal (Denton and Gray 1983), leads to a
nearly flat cupular frequency response below the resonance frequency when referred
to the acceleration of outside-water flow relative to the fish body. The overall
peripheral acceleration sensitivity, which was experimentally observed in afferent
neural activity of ruffe (Wubbels 1992) as well as in several canal systems of other
fish species (Claas and Münz 1996; Coombs and Janssen 1990; Kroese and Schellart
1992; Engelmann et al. 2000), can be explained by the compensatory effects of canal
and cupular hydrodynamics (van Netten 2006).

Under natural conditions various events cause hydrodynamic stimuli to the neu-
romasts of the lateral line organ. There are only a few reports, however, on the
physical characteristics of the water motion under these conditions, such as that
produced by other aquatic animals (Kalmijn 1989; Enger et al. 1989; Bleckmann et
al. 1991). The frequency content of hydrodynamic signals produced by hovering or
approaching fish or by obstacles in running water, represented in terms of water ac-
celeration, was found to be most significant at frequencies lower than approximately
100 Hz. This range corresponds well to the range of frequencies at which the canal
lateral line organ has a constant acceleration sensitivity and has been put forward
as support for considering the canal lateral line system to be a low frequency water
acceleration detection apparatus (Kalmijn 1988).

The mechanical responses of the cupula to stimuli that simulate transient char-
acteristics occurring in natural conditions have not been investigated in detail so

22



Rapid responses of the cupula in the lateral line of ruffe
(Gymnocephalus cernuus)

far. As a first step, we present here cupular displacement data in response to fast
transient stimuli in the form of water motion produced in the canal. Such responses
need not necessarily be the same as the inverse Fourier transform of the previously
measured and modelled cupular frequency characteristics, since cupular mechanics
has been shown to be nonlinear (van Netten and Khanna 1994). It has been demon-
strated that the hair cell gating apparatus imposes its effective nonlinear stiffness
on cupular mechanics via the bundles of the hair cell. In addition, other active hair
bundle mechanics, such as nonlinear adaptation (Eatock 2000), may influence the
detailed responses in the time domain.

In order to investigate the time characteristics of the peripheral lateral line organ
with respect to transient stimuli, we have measured cupular responses to a filtered
fluid step stimulus. This approach provides direct information on the timing and
speed of the lateral system under in vivo conditions.

3.2 Materials and methods

3.2.1 Preparation

Experiments were performed on the supraorbital lateral line of ruffe (Gymnocephalus
cernuus) (n = 9) with body lengths ranging from 10-12.5 cm. Fish were anaes-
thetised with an intraperitoneal injection (60 mg per kg of body weight) of Saffan
(Mallinckrodt Veterinary, Uxbridge, UK) and subsequently placed in a fish tank-
holder, held firmly by head and body clamps while they were respired by a flow of
tap water through their gills. The skin and the bony bridge covering the supraor-
bital canal neuromast no. 3 (Jakubowski 1963) were carefully removed. Cupulae
were optically monitored by an incident light polarising microscope (ILPM; Kroese
and van Netten 1987) via a small mirror placed beneath the cupulae in the orbit.
The condition of the fish was determined by inspecting the blood flow through cap-
illaries in the eye, and the condition of the neuromast was determined by inspection
of the blood flow through capillary vessels in the macula.

3.2.2 Mechanical stimulation

Cupulae were stimulated with a sphere producing either a step (stimulus I) or a
sinusoidal (stimulus II) displacement (amplitude range 100-300 nm) of the local
fluid flow past the cupula. In seven experiments a sphere with a diameter of 6.4
mm was used and was placed in front of the cupula just outside the canal (width ∼
1 mm). A smaller stimulus sphere (Ø ∼ 0.8 mm) used in two experiments allowed
placement in the canal at a distance of approximately 4 mm in front of the cupula.
In both cases the spheres were attached to a piezo-electric actuator, generating a
movement of the sphere parallel to the longitudinal axis of the canal, the direction
in which the hair cells underneath the cupula are most sensitive. No significant
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differences in cupular frequency characteristics were found using the two stimulus
spheres.

Step displacements (stimulus I) of the sphere were used in order to obtain im-
pulse responses of the cupula. A step displacement of a sphere produces a step
displacement of the water in the canal (e.g. Fig. 9 in Tsang 1997; Tsang and van
Netten, 1997). The velocity of both the sphere and water to which the cupula re-
sponds is therefore a pulse. Its duration is determined by a low-pass filter (cut-off
frequency 850 Hz, 8-pole Bessel, Krohn-Hite, 3988), that shapes the input signal to
the piezo-electric actuator, preventing the sphere and its support rod from mechan-
ically oscillating at its resonance of approximately 1 kHz. The stimulus sphere and
the generated fluid displacement step have a finite (1.2 ms) rise-time as a conse-
quence (e.g. Figs. 3.1 and 3.2). A typical cupula has its resonance frequency in the
range 100-200 Hz and is therefore negligibly affected by the filter in its physiologi-
cally relevant frequency range. The protocol for the step displacement (stimulus I)
of a sphere is presented in Fig. 3.1. The positive voltage step occurs at t = 0 ms
and the negative step starts at t = 130 ms.

Series of sinusoidal displacements (stimulus II) of the sphere with frequencies in
the range of 10-500 Hz were used to obtain direct frequency response curves of the
cupula.

3.2.3 Displacement measurements of cupula and sphere

Cupular motion was measured using a differential laser interferometer coupled to an
incident light polarizing microscope (see Chapter 2; see also Kroese and van Netten
1987; van Netten and Kroese 1987). In short, two laser beams were focused on a
location inside the transparent cupula, where a scattering optical irregularity causes
interference. The backscattered light, detected with a photomultiplier (Hamamatsu,
R1477), was phase shifted in proportion to the displacement of the cupula, and
therefore uniquely coded the information on the motion of the cupula.

The photomultiplier output was processed with a modified demodulator (Poly-
tec, OVF 3000), which has two calibrated output modes representing velocity (ana-
log decoder) and displacement (digital decoder). The displacement, after averaging
(50 - 500 x), was determined with an accuracy ranging from 1.5 to 4.5 nm (r.m.s.
noise equivalent displacement). In the experiments using the 1 mm diameter stim-
ulus sphere, velocity was measured simultaneously with displacement, with an ac-
curacy of 0.6 µm/s (r.m.s. noise equivalent velocity). Displacement and velocity
signals were low-pass filtered using an 8-pole Bessel filter and amplified (stimulus
I: Krohn-Hite, fco = 850 Hz; stimulus II: Frequency Devices, fco set at 8 times the
stimulus frequency). Measured signals were digitised with a 16-bit A/D converter
(Ariel, DSP-16). The sampling frequency was 16 kHz in the case of the step stim-
uli (stimulus I), and 32 times the stimulus frequency in the case of the sinusoidal
stimulus (stimulus II).

Frequency responses (based on both stimulus I and II) were corrected for the
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frequency characteristics of the stimulus sphere system, amplifiers and filters.

3.2.4 Cupular frequency characteristics from impulse responses

Displacements of the cupula in responses to a step sphere displacement (stimulus I)
were measured as a function of time. Cupular displacement responses are propor-
tional to fluid velocity over a considerable (low) frequency range, and the cupula
can therefore be considered as a detector of fluid velocity in this range (Kalmijn
1988, 1989; Kroese et al. 1978). Since a fluid displacement step is equivalent to
a fluid velocity impulse, we will define the displacement of the cupula in response
to a fluid displacement step as a cupular impulse response. Frequency characteris-
tics of the cupula based on stimulus protocol I were determined by taking the Fast
Fourier Transform (FFT) of the impulse response. The results are presented as the
displacement of the cupula as a function of frequency of either (constant amplitude)
water displacement (Fig. 3.4a; e.g. van Netten 1991) or water velocity (Fig. 3.4b;
e.g. van Netten 2006).

3.2.5 Determination of Q-factor, resonance frequency and re-
laxation time constant

Stimulus I

Impulse responses measured using stimulus I are damped oscillations (see Fig. 3.1),
from which the quality factor QI was determined as:

QI = π/ln

(
A1

A3

)
(3.1)

where A1 and A3 are the first and third extreme displacements of the cupula from
the equilibrium position. The resonance frequency of the cupula for stimulus I (frI)
was calculated from the period of the damped oscillations using:

frI =
1

∆tzc
(3.2)

where ∆tzc is the zero-crossing time, i.e. the time between the onset of the stimulus
and the moment at which the cupula crosses its equilibrium position for the second
time after the onset (see Fig. 3.2).

The relaxation time constant, τ , of the cupula was determined from measured
impulse responses that were rectified so that displacement maxima could be re-
solved. This usually resulted in between 5 and 7 points defining the envelope of the
oscillations, to which a single exponential function was fitted. The time constant of
the exponential function was taken as the relaxation time constant of the cupula, τ
(see Fig. 3.3).
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Stimulus II

Using stimulus II (sinusoidal fluid flow), both measures of the frequency characteris-
tics, Q and fr, were determined from fits to directly measured frequency responses
using a previously described cupular dynamics model (van Netten 1991). This
mathematical model was derived under the assumption that the viscous fluid in
the canal is Newtonian, incompressible, spatially uniform and linear and that the
cupula is elastically coupled with stiffness S to the underlying sensory epithelium.
Stokes’ analysis (Stokes 1851) was used to calculate the fluid forces acting on the
cupula. The complex displacement amplitude, X0, of a cupula with radius a, in re-
sponse to fluid with density ρ, viscosity µ and a velocity amplitude V0 at frequency
f , is then (e.g. van Netten 2006):

X0 = V0
1

2πft

1 + 1
2

√
2(i + 1)(f/ft)1/2 + i

3 (f/ft)

Nr + i(f/ft) − 1
2

√
2(1 − i)(f/ft)3/2 − 1

3 (f/ft)2
(3.3)

Here, the dimensionless resonance number

Nr =
Saρ

6πµ2
(3.4)

determines the extent of resonance, whereas the transition frequency, ft,

ft =
µ

2πρa2
(3.5)

indicates at which frequency inertial fluid forces start to dominate the viscous fluid
forces acting on the cupula.

To obtain the parameters Nr and ft, fitting of the model was done by eye. The
quality-factor QII was subsequently determined using (van Netten 1991):

QII =

√
2
3

(
Nr

3

) 1
4

(3.6)

The resonance frequency of the cupula, frII, was determined from the maximum of
the model curve fitted to the data.

3.3 Results

Cupular displacements and velocities were measured in response to hydrodynamic
stimulation using two types of stimulus protocols. The first type consisted of fluid
displacement step stimuli, equivalent to fluid velocity pulses (stimulus I), whereas
the second type consisted of successive series of sinusoidal fluid flows at different
frequencies to directly determine the cupular frequency responses (stimulus II).
Responses to stimulus protocol I were analysed as described in the methods section
and were subsequently compared to those obtained using stimulus protocol II.
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command

300 nm

50 nm
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b
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cupula

sphere

Figure 3.1: Step protocol (stimulus I) and induced cupular displacement responses. The com-
mand voltage (a) is either a step-up or step-down. The stimulus sphere (b) follows the command
voltage applied to the piezo-actuator. Responses of three different cupulae are presented in the
three lower traces (c).

3.3.1 Cupular impulse responses

Stimulus protocol I together with induced displacements of stimulus sphere and
cupulae are shown in Fig. 3.1. The step of the command voltage to the piezo-
actuator and the measured displacement of the stimulating sphere, which is at-
tached to the actuator, are displayed in the two top traces (Figs. 3.1a, b). The
rise time of the sphere is approximately 1.2 ms and is restricted by filtering the
command voltage signal to avoid strong mechanical resonance behaviour of the
piezo-electrically driven stimulus sphere. Displacement steps of the stimulus sphere
were in the range of 1-3 µm and its related impulse velocities were in the range of
approximately 1-3 mm/s. Displacement traces (Fig. 3.1c) are depicted for three
different cupulae of three different fish. The positive direction of displacement
is defined as being directed from the head towards the tail of the fish. Positive
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displacements of the sphere induce initial positive displacements of the cupulae.
For displacement steps of the sphere in the negative direction, the initial cupular
responses are accordingly reversed, as indicated in the second half of the time re-
sponses of the cupulae (Fig. 3.1). The cupular responses follow the initial motion
of the stimulus sphere and subsequently show oscillations around the equilibrium
position, reminiscent of the resonance behaviour of the cupula. The related initial
cupular velocity is approximately 125 µm/s. The typical range of initial cupular
velocities was 100 - 300 µm/s. A more detailed comparison of the cupular response
with the stimulus sphere displacement is shown in Fig. 3.2. It appears that up to
approximately the first maximum the cupula follows the displacement step of the
sphere without significant time delay.

The cupular displacement responses to the fluid displacement steps clearly re-
semble that of a damped oscillator. After tens of milliseconds the envelope of the
oscillations declines to zero. As is obvious from Fig. 3.1, the induced cupular oscil-
lations differ in amplitude and time duration between different cupulae. Oscillatory
details in the measured step responses that describe the variations among different
fish, and that enable the analysis of the frequency characteristics in terms of the
quality factor (QI) and resonance frequency (frI) are the timing (ti) and amplitude
(Ai) of the first three extremes of cupular displacement from the equilibrium po-
sition (Fig. 3.1). The amplitude of the first maximum is a measure of the fluid
displacement in the immediate neighbourhood of the cupula and therefore most
likely does not reflect specific cupular properties (see also Discussion). The second
extreme of the displacement occurs at t2, which is 4.1 ± 1.7 ms (n = 9) after the
first extreme, in the opposite direction, with an amplitude A2 which amounts to 41
± 17 % (n = 9) of A1. The third extreme of the displacement occurs at t3, which is
8.4 ± 2.7 ms after the first, in the fluid step direction, with an amplitude A3, equal
to 17 ± 8 % of A1.

Relaxation time-constants, τ , were determined by fitting a single exponential
function to the envelope of the damped oscillations defined by the extreme dis-
placements (see Fig. 3.3), yielding τ = 4.4 ± 2.7 ms (n = 9).

3.3.2 Comparison of cupular frequency characteristics

The frequency characteristics of impulse responses (stimulus I) were calculated and
then compared with the frequency characteristics directly measured in response to a
series of sinusoidal stimuli (stimulus II). Comparisons of the two types of frequency
characteristics are presented in Fig. 3.4, which shows the cupular displacement as a
function of frequency of excitatory fluid flow with constant displacement amplitude
(Fig. 3.4a). Since lateral line cupulae can be considered to be detectors of fluid
velocity in a restricted low frequency range (Denton and Gray 1983; Kalmijn 1989;
e.g. van Netten 2006), the data of Fig. 3.4a have been replotted in Fig. 3.4b as a
function of frequency of excitatory fluid flow with a constant velocity amplitude (as
described in Eqs. 3.3, 3.4 and 3.5). The associated phase difference of 90◦ is due to
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Figure 3.2: The impulse response of the cupula follows the initial displacement of the sphere
with a time delay less than the measurement accuracy (< 0.1 ms).
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Figure 3.3: Determination of the relaxation time τ of the cupula. The solid line shows a measured
impulse response. Circles indicate the extremes of the measured impulse response. The dashed
lines represent the fitted single exponential function, from which τ was obtained.

29
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the phase difference between displacement and velocity. Figure 3.4b indicates that
at approximately 250 Hz the displacement of the supraorbital canal neuromast in
ruffe is enhanced by at least a factor of 4 with respect to that at low frequencies
(∼ 40 Hz ), due to resonance. This observation supports the notion that this type
of canal cupula cannot be considered to be a pure detector of velocity (e.g. van
Netten 1991, 2006).

In general, a comparison of the frequency characteristics obtained from FFT’s of
the impulse responses (stimulus I, solid lines, Fig. 3.4) with the directly measured
frequency responses (stimulus II, data points, Fig. 3.4) shows many similarities.
Model fits to the data are shown by the dashed lines in Fig. 3.4. Most of the
cupulae follow the model description of Eq. 3.2 well into the region of their resonance
frequency. Using the model, the resonance number Nr was found to be 69 ± 52 (n
= 7) and the transition frequency ft was 16 ± 10 Hz (n = 7).

From the damped cupular oscillations (stimulus I), the quality factor of the
cupula, QI, was determined directly from the measurements, using Eq. 3.1, and
was found to be 1.8 ± 0.5 (n = 9). The quality factor obtained from the Nr number
in combination with Eq. 3.6 was QII = 1.7 ± 0.3 (n = 7), which is in good agreement
with QI.

The inverse of the period of the first full oscillation cycle of an impulse response
was used to directly determine the resonance frequency of the cupula. The resulting
resonance frequency is frI = 121 ± 56 Hz (n = 7, stimulus I; Eq. 3.2), which is
comparable to that found from measured frequency responses of the same cupulae.
Use of the model description yielded the resonance frequency frII = 128 ± 60 Hz
(n = 7, stimulus II). It is evident from Fig. 3.1 that the duration of the first
period, and therefore the resonance frequency, varies among different cupulae as
indicated by the significant standard deviations. A linear regression procedure on
the resonance frequencies, frI and frII, obtained using the two stimulus protocols,
yielded a correlation coefficient of 0.99 (p < 0.0003), therefore confirming that the
two stimulus methods produce similar results and that the standard deviations of
their means arise from individual neuromast differences.

Results for the various measurements of the frequency characteristics and model
results for individual cupulae are summarised in Table 3.1.

3.4 Discussion

3.4.1 Damped cupular impulse responses are consistent with
frequency responses

The displacement of the cupula in the supraorbital lateral line canal of ruffe was
measured in response to velocity pulses (impulses, stimulus I). Figure 1 presents
typical examples of such impulse responses of three cupulae in three different fish,
which exhibit damped resonance behaviour around their equilibrium position at
frequencies of frI = 121 ± 56 Hz and with a quality factor of QI = 1.8 ± 0.5. These
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Figure 3.4: Frequency responses of the cupula. (a): Cupular displacement (upper panel) and
phase (lower panel) vs. frequency of a constant fluid displacement amplitude. Data points repre-
sent measured cupular displacement in response to a series of frequencies. The dashed lines show
a model fit (Nr = 49; ft = 30), while the solid lines depict the frequency response calculated from
measured impulse responses. (b): Same as in (a) but amplitude and phase are shown as a function
of frequency of constant amplitude fluid velocity.

variations in frequency characteristics are thought to be due to variations in the
physical parameters of the peripheral lateral line system, such as the dimensions
of the cupula and its elastic coupling to the canal (Wiersinga-Post and van Netten
2000). This is supported by the high correlation of the two resonance frequencies
obtained using the two stimulus methods for individual cupulae. Indeed, similar
values of the resonance frequency, frII = 128 ± 60 Hz, and quality factor, QII = 1.7
± 0.3, were obtained from the measured frequency characteristics using sinusoidal
water motion (stimulus II) in combination with fitting a cupular dynamics model
to the measured data. The two independent parameters of the model (Eq. 3.3) are
the resonance number (Nr = 69 ± 52; Eq. 3.4) and the transition frequency (ft =
16 ± 10 Hz; Eq. 3.5). The values found are in line with previous results on cupular
dynamics of the ruffe (Wiersinga-Post and van Netten 2000). Moreover, taking the
FFT of the measured impulse responses allowed a more detailed comparison of the
two types of responses, and confirmed their general similarity, although small dif-
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QI QII frI (Hz) frII (Hz) ft (Hz) Nr τ (ms)
3815 1.7 1.6 238 256 30 49 1.8
3806 1.5 1.2 121 121 30 16 2.7
3728 1.3 113 2.3
3725 1.2 2.4
3723 1.7 1.8 86 85 8 70 7.7
3721 2.7 1.6 76 98 12 44 1.8
3718 1.5 1.6 128 16 42 8.7
3714 2.2 2.3 84 84 5 174 6.0
3711 2.3 1.9 131 126 10 90 5.9
M ± SD 1.8 ± 0.5 1.7 ± 0.3 121 ± 56 128 ± 60 16 ± 10 69 ± 52 4.4 ± 2.7

Table 3.1: Summary of results of cupular parameters. Subscripts I and II denote
parameters obtained by using stimulus I and II, respectively. The table lists values of
quality factors (QI and QII), resonant frequencies (frI and frII ), values of resonance
number (Nr) and transition frequency (ft) and relaxation time constant (τ). Mean
values (M) are given with standard deviations (SD). The first column refers to the
code used for individual experiments.

ferences are also visible. The low frequency region is difficult to measure, since the
cupula shows a decreased response at lower frequencies, which may become smaller
than the measurement threshold.

An important implication of the above similarity of the results obtained using
the two stimulus protocols is that the peripheral mechanics of the lateral line sys-
tem behaves essentially linearly in response to the two types of stimuli presented.
Nonlinearity of cupular mechanics, imposed by the gating compliance of the trans-
ducer channels of the hair bundle (van Netten and Khanna 1994) therefore does not
significantly seem to affect the timing of transient cupular dynamics in response to
velocity pulses. Nonlinearity of lateral line cupular mechanics was observed in a
different fish species (Xenomystus nigri). It is not likely, however, that the gating
compliance is significantly different across species. The displacement-dependent gat-
ing compliance, under the conditions of the presently measured impulse responses,
are probably most apparent during the initial phase of cupular impulse response.
During this phase, bundle deflections are predominantly in the range of 100 nm and
beyond, so that the cupular sliding stiffness may be reduced due to the gating com-
pliance of the hair bundles. During the decaying phase, about 10 ms after onset of
the impulse response, the cupula spends relatively more time in the linear stiffness
range.

To test for this manifestation of nonlinear gating compliance in cupular impulse
responses, we attempted to take an opposite approach: calculating the impulse
responses of a cupula by taking the inverse FFT of a frequency response of the
fitted linear model (Eq. 3.3). Comparisons of the measured and simulated impulse
responses, including the filters as used in the experiments, are shown in Fig. 3.5.
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Again, the general shape of both responses is similar, but differences can also be
discerned. Most significantly, it proved to be impossible to simulate the details
in the crossings of the cupular equilibrium position. When the model parameters
were adjusted so as to obtain a resonance frequency equal to the resonance fre-
quency of the impulse response frI, accomplished by taking equal periods of the
first oscillation cycle of modelled and measured responses, the measured impulse
responses exhibited faster oscillations in subsequent cycles than those predicted by
the linear model. This is in line with the effects of nonlinear stiffness mentioned
above. During the initial part of the impulse responses, displacements are attained
that are predominantly in the nonlinear range with reduced stiffness. The timing
of the modeled impulse is synchronised to this phase (Fig. 3.5). When the oscilla-
tion envelope decays, a point is reached beyond which the gating compliance will
hardly affect the cupular response so that the effective stiffness during this phase
is larger. The resonance frequency of an effectively stiffer cupula may accordingly
be expected to increase when reaching these smaller (< 100 nm) oscillation ampli-
tudes (van Netten 1997). This will result in smaller time lapses between successive
equilibrium position crossings, as observed.

3.4.2 Significance of instantaneous onset of cupular responses
and relaxation

The maximum deflection from equilibrium reached just after the onset of the stim-
ulus impulse differs among cupulae. These variations, unlike the timing and reso-
nance features, are not determined by cupular properties but primarily by variations
of the imposed displacement amplitude of the local fluid flow, as produced by the
stimulus sphere, at the location of the cupula. Such variations may easily arise from
differences in the placement of the stimulus sphere relative to the cupula, which,
although being kept as constant as possible, varies slightly between experiments,
also due to differences in canal shape and size. The independence from cupular
properties can be appreciated from the frequency characteristics as depicted in Fig.
3.4a, which show that cupular displacement in response to high frequency (> 300
Hz) fluid displacement becomes frequency-independent. This indicates that the
displacement of the cupula is equal to that of the excitatory fluid, which can be ex-
plained by inertial fluid forces dominating stiffness and viscous forces on the cupula
in this high-frequency range.

Another important effect of this is that, in response to a fluid displacement
step, the inertial fluid forces, which are associated with the high frequency content
of a step, cause a cupula to instantaneously respond to the fluid step displacement
without delay and with the same displacement as the local fluid. This effect is
clearly demonstrated in Figure 3.2, which shows that the initial displacement of
the cupula follows the fluid displacement step produced by the stimulus sphere,
within the accuracy of time measurement (< 0.1 ms). After this initial cupular
displacement, viscous fluid forces damp the motion of the cupula. The transfer of
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Figure 3.5: Measured impulse response (thick solid line) compared with that calculated from
the model (thin solid line), showing that the linear model cannot completely describe the timing
of the crossings of the equilibrium position of the cupula. Inset: Frequency response for the same
cupula, with measured sinusoidal responses (data points) and fitted model (solid lines).

surrounding water displacement into a lateral line canal is similarly controlled by
inertial fluid forces at high frequencies (Denton and Gray 1983; 1989; van Netten
2006). Therefore, when a cupula is located in a canal, the initial water displacement
step outside a fish is expected to be equally well transferred instantaneously, via
the canal, into cupular motion.

Delay-less transient signals can obviously be of importance to an animal. In the
natural habitat of a fish, fast signals might be essential for survival or prey detection,
since a sudden displacement of the water might be produced by, for example, an
attacking predator or a potential prey. It has been suggested that such signals are
mediated by the Mauthner system, on which lateral line afferents project (Eaton et
al. 2002). Afferent lateral line activity in response to a transiently moving sphere
was shown to occur within 5 ms after stimulus onset (Wubbels 1990).

Another important characteristic of the observed transient responses is the relax-
ation time, τ . This can be considered as a measure of the time that a cupula needs
to recover to its equilibrium position after a displacement step. The relaxation time
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Rapid responses of the cupula in the lateral line of ruffe
(Gymnocephalus cernuus)

constant of the cupula of the ruffe was on average found to be less than 5 ms from
fitting an exponential envelope to the damped oscillations that a cupula exhibits in
response to a fluid velocity impulse. From considering the response properties of
a damped mechanical oscillator, it follows that the relaxation time of a resonating
cupula (Nr >> 1) is closely related to its quality factor: τ ∼= Q/(πfr) (van Netten
2006). Use of the obtained quality factor (QI = 1.8) and resonance frequency (frI

= 121 Hz) then yields a relaxation time constant, τ , of approximately 4.7 ms, in
close agreement with the experimentally obtained mean result (4.4 ms).

From our present experiments, we may thus conclude that the hydrodynamics
of the peripheral lateral line organ does not impose a limit on the time resolution
of detection by the cupula of the onset of a step of water displacement.
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