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Chapter 1

Introduction
1.1

Introduction to the lateral line organ

The lateral line is a mechano-sensory organ found in ﬁsh and amphibians. The
main function of the lateral line organ is to detect changes in water ﬂow that are
generated in the neighbourhood of the animal’s body. The lateral line derives its
name from the ﬁrst observations in the early 19th century in which it was described
as running along the trunk of ﬁsh. In 1850 Leydig was the ﬁrst to describe the
system of lateral line organs on the head of the ﬁsh, referring to them as sense organs
(described by Dijkgraaf 1989 and references therein). Later, it was mentioned in
the literature as an organ of ”distant touch”(Dijkgraaf 1963). Subsequent research
has demonstrated that the lateral line plays a role in prey detection (Hoekstra and
Janssen 1985; Montgomery and Macdonald 1987; Enger et al. 1989), intra-speciﬁc
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).

1.2

Structure of the lateral line organ

The sensory units of the lateral line organ are known as neuromasts. They are
composed of hair cells, supporting cells and mantle cells, all covered by a gelatinous
cupula. The supporting cells are distributed among the hair cells in the neuromasts,
while mantle cells support the edges of the neuromast. The hair cells are the
sensory cells of the lateral line and will be described in more detail in the following
section. The aﬀerent nerves form synapses with the basal part of the hair cells
and function as the information pathway leading to the central nervous system.
Two subgroups of neuromasts are usually discerned. The ﬁrst group, so-called
superﬁcial neuromasts, are positioned on the skin of an animal. The members
1
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of the second group, so-called canal neuromasts, are located in canals underneath
the skin. Superﬁcial neuromasts generally diﬀer from canal neuromasts: they are
smaller, contain fewer hair cells, and may diﬀer in the types and number of neurons
innervating the neuromast (Coombs et al. 1988). The distribution and size of the
lateral line organs vary widely among diﬀerent species. For example, frogs have
approximately 180 superﬁcial lateral lines distributed all over their body, but do
not possess a canal lateral line. Many ﬁshes living in habitats with strong water
currents have narrow and parallel lateral line canals (Jakubowski 1967a, b, from
Coombs et al. 1988), and most deep water ﬁshes have wide canals (Coombs et al.
1988). A lateral line canal is usually covered by the skin of the ﬁsh. Some, but
not all species have pores in the skin that connect the canal ﬂuid with the water
surrounding the ﬁsh. Canal neuromasts diﬀer in size, shape and number of hair cells
beneath the cupula. The latter characteristics depend mainly on the cross-sectional
size of the cupula at its base.

a

b

c
st
e

so

w

om

io

Figure 1.1: Distribution of head neuromasts in ruﬀe. (a) Picture of the ruﬀe’s head with exposed
supraorbital canal. (b) Drawing of the head from (a) with depicted neuromasts 1 and 2 and 3 (I,
II and III) in the supraorbital lateral line canal. Here, e is eye, and w is a hydrodynamic window
(from: van Netten and van Maarseveen 1994). (c) Distribution of head canals as described by
Jakubowski (1963): st - supratemporal, so - supraorbital, io - infraorbital and om - opercomandibular canal.

Canal neuromasts are most commonly distributed on the head (cephalic lateral
line) and along the trunk of the ﬁsh. Neuromasts covered by a dome shaped cupula
may ﬁll a signiﬁcant part of the cross-section of the canal in some species, while in
other species they occupy only a portion of the canal. Head canals are comprised
of many branches such as the temporal, supratemporal, supraorbital, infraorbital
and operculo-mandibular canals (Coombs et al. 1988) (see Figure 1.1).
2
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1.3

Hair cells

Being known as the primary transducer cells in hearing, hair cells are situated in four
organs of the inner ear: the semicircular canals that detect angular acceleration,
two organs for linear acceleration - the utricle and the saccule, and the cochlea.
Hair cells are also present in the lateral line of ﬁshes and aquatic amphibians. They
are mechano-receptors, detecting mechanical vibrations of the medium that is in
contact with the hair bundle, their accessory structure or a ﬂuid.

Kinocilium
Tip Links

Stereocilia

Hair cell

Figure 1.2: Sketch of a hair cell
A typical hair cell (Figure 1.2) consists of a body and a small organelle protruding from the apical part of the body, known as the hair bundle. The hair bundle
is the displacement sensitive structure of the hair cell and consists of rows of small
actin-ﬁlled ”hairs”, called stereocilia, arranged in a stair-like fashion. The highest structure in the ”staircase” is a single true cilium, the kinocilium. All these
”hairs” are connected to each other by so-called lateral and tip links. The tip links
are thought to be important for the sensory function of the hair cell, as they are
generally considered to directly engage the mechano-transducer channels (Howard
and Hudspeth 1988), which are situated near the tips of the stereocilia (Denk et al.
1995; Hudspeth 2000). The mechanical vibration of the contact medium coupled
to the hair bundle forces it to pivot at its base. This process transmits tension to
the mechano-transducer channels via the tip links. The probability of the mechanotransducer channel being in an open state increases if the hair bundle is displaced
in the excitatory direction, which is in the direction from the lowest stereocilia to
the kinocilium.
The overall stiﬀness of the hair bundle is the sum of the passive pivotal stiﬀness
of the stereocilia and the stiﬀness of lateral links and tip links. The latter stiﬀness
depends on the conformational state of the transducer channels. When a channel
3
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opens, the tip link connected to it reduces its tension, causing a decrease in the
overall stiﬀness. The decrease in the stiﬀness due to the channel opening is called
the gating compliance. It gives rise to a dip in the stiﬀness-displacement curve
(Figure 1.3).
I

II

III

IV

1.0

Stiffness

0.8

0.6

0.4

0.2

0.0
-100

-50

0

50

100

Displacement (nm)

Figure 1.3: Stiﬀness and gating compliance. (I) The hair bundle is pushed opposite to the
direction of excitation. The tip links reduce their tension causing a stiﬀness drop up to the value
of the pivotal stiﬀness of the hair bundle. (II) The hair bundle is in its equilibrium position, the
tip links are engaged, and the total stiﬀness is the sum of the pivotal stiﬀness and the stiﬀness of
engaged links of most closed channels. A fraction of the transducer channels is open. The total
stiﬀness is smaller than the maximum value. (III) The hair bundle is pushed in the excitatory
direction causing opening of transducer channels. The tip links connecting open channels are not
tensioned, causing the gap in the stiﬀness - the so-called gating compliance. (IV) The tension of
the tip links is maximal in response to a large hair bundle displacement.

1.4

Mechanics of the lateral line canal cupula

The hair bundles of a neuromast are well coupled to its cupula, which slides over
the hair bundles and deﬂects them. Therefore, the mechanical properties of the hair
bundles are reﬂected in the dynamics of the overlying cupula (van Netten 1991).
The hair cells in a neuromast are oriented such that the excitatory direction of their
hair bundles is parallel or anti-parallel to the axis of the canal. This implies that
4
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in each neuromast there will be one population of hair cells whose open probability
increases when the cupula is displaced ”from head to tail” and a second population
whose open probability increases for displacements in the opposite direction. This
has also been demonstrated in early studies of extra-cellular potentials, generated
by the hair cells, by Jielof and de Vries (1952), Kuiper (1956) and Flock (1965).
The mechanics of the cupula are well described by a linear model proposed by van
Netten (van Netten 1991; reviewed by van Netten 2006; see also Chapter III of this
thesis). The cupula is driven by both inertial and viscous forces produced by ﬂuid
ﬂowing past it. The behaviour of the cupular frequency response is characterized by
the dimensionless number Nr , termed the resonance number, given by the following
equation:
Kaρ
.
(1.1)
Nr =
6πµ2
Here K is the sliding stiﬀness, a is the radius of the cupula, ρ is the density of water
and cupula and µ is the viscosity of water. √When Nr >> 1, the cupula exhibits
resonance behaviour at a frequency fr = ft 3Nr and is sensitive to velocity in a
low frequency band ranging from DC up to
µ
.
(1.2)
ft =
2πρa2
For the ruﬀe (Figure 1.4), which has a relatively large canal diameter of Ø ∼ 1
mm, the cupula is also relatively large at Ø ∼ 600 µm and its resonance number
Nr exceeds 60, with a resonance frequency of approximately 120 Hz. In the case
where Nr << 1, the cupula detects velocities up to the cut-oﬀ frequency given
by fco = Nr · ft . Beyond this cut-oﬀ frequency, the cupular response falls with a
20 dB/dec slope in response to a ﬂuid ﬂow with constant velocity amplitude (for
an explanation see section 1.5). The frequency selectivity of the canal neuromast
is determined by the combination of frequency characteristics of the cupula and
the hydrodynamics of the canal (Denton and Gray 1988). The canal imposes an
additional ﬁltering of the ﬂuid ﬂow past the skin of the ﬁsh and it acts as a ﬁrst order
low-pass ﬁlter in translating acceleration to velocity up to the cut-oﬀ frequency.
Beyond that frequency, the amplitude of the water velocity in the canal falls with
a 20 dB/dec slope in response to ﬂuid ﬂow with constant acceleration.
The overall cupular frequency response is thus aﬀected by both its hydrodynamic
excitation and this ﬁltering imposed by the canal. Taken together, at low frequencies
of up to approximately 100 Hz the cupula is driven solely by the acceleration of the
outside ﬂuid. Beyond 100 Hz, the cupula is displaced out of phase (-180 degrees)
with the excitatory ﬂuid acceleration with a roll-oﬀ of 40 dB/dec.

1.5

Velocity and acceleration detectors

In the previous section, the cupular response to stimuli with a constant acceleration
or velocity amplitude at all frequencies was introduced. Because such expressions
5
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Figure 1.4: The ruﬀe Gymnocephalus cernuus
are used frequently in this thesis (for example Chapter 3), they will be explained
at this point in more detail. The stimulus to investigate the cupula was mechanical
motion of ﬂuid surrounding the cupula. It was either a pure, single frequency sinusoidal ﬂuid ﬂow, where frequency was swept over a given range, or a more complex
ﬂuid ﬂow. In each case it was possible to describe the frequency-ﬂow characteristics of the stimulus. Either the ﬂuid amplitude of acceleration was kept constant
at all frequencies, or alternatively the velocity or the displacement amplitude was
kept constant at all frequencies. The response of the cupula was either measured
mechanically (the displacement or velocity) or indirectly via the electrical hair cell
responses (extracellular potentials). If the response to a stimulus was constant in a
certain range of frequencies, the cupula was characterized as a detector of this stimulus modality. For example, if the stimulus ﬂow had a constant velocity amplitude
at all frequencies and the response was constant over a frequency range of 30-100
Hz, the cupula was then considered to be a velocity detector in that frequency
range. The same holds for an acceleration detector and a displacement detector.

1.6

This thesis

The lateral line is a sense organ that enables ﬁsh to detect objects and other animals
in deep or muddy water or other conditions where visibility is poor. It relies on
mechano-reception, which is fast compared to other senses, such as vision. The
lateral line organ is an essential sensory system for the survival of a ﬁsh looking
for food or being chased by a predator. In a large shoal, ﬁsh maintain a distance
between each other using the information gathered by the lateral line (Partridge
and Pitcher 1980). Investigating the functioning of the lateral line, apart from
leading to a better understanding of underwater life, can also help in the design of
various underwater detectors and sensors used for purposes such as measuring the
distance and location of a vibrating source. This thesis, as implied in the title, is
6
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a study of the temporal and spatial detection abilities of the peripheral lateral line
organ. The object of investigation in this thesis is the ruﬀe (Gymnocephalus cernuus,
Figure 1.4). This fresh water ﬁsh is suitable for measurements of the mechanics of
the cupula because of its relatively large lateral line canals and associated large
cupulae.
Part of the measurements were performed with a Laser Interferometer Microscope (LIM), described in Chapter 2. The LIM has been used in experiments
where the cupular displacement or velocity was measured directly. The advantages
of this technique are ﬁrstly that it is non-invasive and therefore does not damage or
inﬂuence the mechanics of the measured object, and secondly that displacements
as small as a nanometer can be measured, making it suitable for measuring the
detailed sub-micrometer mechanics of the cupula.
The ﬁrst experiments to investigate the temporal characteristics of the cupula
directly, using transient stimuli, are presented in Chapter 3. The cupular displacement was measured in response to a water velocity impulse. This method proved
a remarkable characteristic of the cupula: the cupula follows the initial step of the
ﬂuid ﬂow with a time delay of less than a fraction of a millisecond.
Chapter 4 treats the mechanical non-linearities of the cupula that are most
likely caused by the non-linear stiﬀness of the mechano-transducer channels, with
the goal of estimating their inﬂuence on the timing characteristics of the neuromasts.
It was found that the non-linearities aﬀect the temporal response of the cupula.
However, the related diﬀerences in timing are smaller than the variations among
ﬁsh of the same species. We conclude that non-linearities do not signiﬁcantly aﬀect
the detection abilities of the lateral line.
Finally, Chapter 5 deals with the problem of spatial detection by the lateral
line organ. The issues of how a ﬁsh locates a vibrating source, which cues it uses,
and how precisely it can determine the location of a dipole source were investigated
in this chapter by measuring and modeling its response. The results are discussed
in the framework of possible algorithms that could be utilized by neurons.

7
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Chapter 2

Experimental setup
2.1

Introduction

The displacement and velocity measurements, reported in this thesis, were performed with a Laser Interferometer Microscope (LIM). This chapter describes the
LIM setup and details of its function. The setup was constructed in order to enable
the detection of very small displacements (in the nm range) and the corresponding
velocities of lateral line cupulae and micro-stimulus equipment in both the horizontal and vertical directions.
The technique of laser interferometry is based on two laser beams that interfere. At least one beam is reﬂected from the surface of the investigated object. In
principle, the intensity of the light that interfered is measured, and information on
either the distance or dynamics of the object is extracted. The interferometer that
will be described here is of the heterodyne type, which means that the two interfering beams have diﬀerent frequencies. This principle enables the measurement of
displacements smaller than the wavelength of the laser light used. An advantage
of this technique is that the absolute displacement or velocity can be measured,
independent of the reﬂectance of the surface of the object. In the case of vibratory
motion, simultaneously information about the phase and amplitude of the object
displacement was obtained.

2.2

Laser Interferometer Microscope

The LIM setup is placed on a vibration isolated table, as shown in the photograph
in Figure 2.1. The path of the light will be described in detail below. In the LIM,
two plane waves reﬂected by the object interfere. The two beams interfere at the
entrance of the photomultiplier. The intensity of the light is measured and information on the velocities and displacements is extracted from the Doppler modulation
9
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Figure 2.1: Table with LIM
of the interfered light.
We have used the LIM in two operational modes: the so-called diﬀerential and
referential modes. In the diﬀerential mode, displacements and velocities of the object in the horizontal plane orthogonal to the optical axis of the microscope are
measured. In the referential mode, the motion along the optical axis (vertical) of
the object is measured. Only one beam is reﬂected from the surface of the object
in this mode, and this beam interferes with the other beam at the photomultiplier.

2.2.1

Description of LIM

Schematic representations of diﬀerent parts of the laser interferometer microscope
are shown in Figures 2.2, 2.3 and 2.4. Figure 2.2 represents the ﬁrst paths of the
LIM that the laser beam follows before entering the microscope as seen from above.
Figures 2.3 and 2.4 show subsequent paths of the laser beam (side view) in the
two working modes of the LIM. The laser beam source was a Helium-Neon laser
(Spectra Physics, model 124B), from which the Gaussian TEM00 mode was directed
through an optical attenuator (ATT) to mirror M0, and then through lenses L1 and
L2 and a λ/2 wave plate to the beam splitter BS0. The λ/2 plate was used to rotate
the plane of linear polarisation at 45◦ to both the s and p direction, so that both
reﬂected and transmitted beams on BS0 had equal intensity but orthogonal planes of
10
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Laser

ATT

M0
M2

L1
BC2
L2

ë/2

ë/2

2

P2

BS0

P1

1

BC1

M1
Figure 2.2: The initial part of the laser interferometer: from laser up to the entrance of two
beams in the microscope. For explanation, see text

polarisation as schematically indicated by a double-headed arrow, or by concentric
circles. The degree of light attenuation was tuned in each experiment according to
the reﬂectance of the surface of the measured object, such that the signal to noise
ratio of the photomultiplier was optimised without saturating the photomultiplier.
The lenses L1 and L2 were inserted, forming together a telescope, to ensure that the
intensity proﬁle of the laser beams interfering at the object surface corresponded to
the beam waist w0 , thus ensuring that the interference of two plane EM waves took
place in the measurement volume.
The beams, split by BS0, were directed to the Bragg-cells BC1 and BC2. BC1
was driven with a frequency fB1 = 40 MHz, and cell BC2 with a frequency fB2 =
40.4 MHz. The outgoing beams had optical frequencies of fi = f0 + fBi (i denotes
the beam exiting BCi, i = 1, 2). The ﬁrst-order diﬀracted beams were selected from
both Bragg-cells and directed to mirrors M1 and M2.
11
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Diﬀerential mode
The beam with the vertical plane of polarisation was passed further through a λ/2
wave plate. This rotated its polarisation back to the horizontal plane such that the
two beams continued with parallel polarisations. The beams were reﬂected from
prisms P1 and P2 towards mirror M3 (Figure 2.3). From mirror M3 both beams
were redirected upward to the polarizing beam splitter BS1, which reﬂected both
beams in the horizontal direction, since both beams were plane polarised in the
horizontal plane (s - polarisation).
In order to ensure that the two beam paths were parallel and aligned well, mirrors
M1, M2 and M3, prisms P1 and P2, and beam splitter BS1 were all adjustable over
small angles. The beams passed next through a lens, a half mirror HM1, and
were then focused on the object (Ob) by the microscope objective lens OL (Zeiss,
40x, WI, 0.8). The interference pattern of the beams had a fringe-like intensity
distribution, forming a set of light and dark lines in the focal plane of the object that
appeared to the observer to travel in the direction of the beam intersection plane
due to the diﬀerence in frequency. The distribution of light and dark lines changed
with constant velocity, which was correlated with the diﬀerence in frequency of the
beams (see section 2.3.1). If the fringe pattern was imaged on a reﬂecting object,
the travelling interference pattern was reﬂected and detected by the photomultiplier
(PM). The displacement of the object modulated this pattern (see Equation 2.2).
As shown in Figure 2.3, the reﬂected light passed through a set of lenses and half
mirrors (HM1 and HM2). The main part of the reﬂected beams was directed towards
the photomultiplier through the pinhole PH. A small fraction of the reﬂected beams
travelled to the eye-pieces (ep). The position of pinhole PH could be adjusted
while being monitored through the eyepieces (ep) together with the object by backillumination with light source (S2). This light source produced an image of the
pinhole, via HM2 and BS2 on mirror M5, which was placed in a plane that was
conjugate with the object plane. Seen through the eyepieces (via reﬂection by
HM2), the pinhole had therefore equal dimensions and position as the directly
imaged pinhole (via reﬂection by HM2), so that its position could be conveniently
adjusted. The object of interest was visualised using polarised light from the halogen
source S1.
Referential mode
Figures 2.2 and 2.4 illustrate the referential mode. This mode was obtained by
removing the λ/2 wave plate between M2 and P2 (Figure 2.2). Then, the beam
reﬂected from P2 (reference beam) was polarised vertically (p-polarization) and
passed through beam splitter BS1 (Figure 2.4), followed by BS2 and a correcting
lens. The quarter wave plate (λ/4) then changed the light from vertically planepolarised to right-handed circularly-polarised. On reﬂection from mirror M5, the
polarisation of the beam became left-handed, and on passing through the quarter
plate for a second time it became s-polarized, so that the beam was then reﬂected
12
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Figure 2.3: The ﬁnal part of the laser interferometer for the diﬀerential mode
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Figure 2.4: The ﬁnal part of the laser interferometer for the referential mode. For explanation,
see text
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from BS2, via HM2, towards the photomultiplier.
The other laser beam (object beam), originating from BC1 (Figure 2.2), followed
the same path as the beams in the diﬀerential mode, so that only this beam was
reﬂected from the observed object. Since the two beams had the same plane of
polarisation on arrival at the photomultiplier, they interfered. In the referential
mode pinhole PH had a similar role, as in the diﬀerential mode, in imaging only the
two laser beams onto the photomultiplier and rejecting unwanted and stray light.
Adjusting BS2 enabled the reference beam to be focused through the pinhole. For
the referential mode to work, both beams had to be parallel and superimposed.
This could be achieved by adjusting M5, so that, while the reference beam remained
focussed through the pinhole, its direction could be changed and aligned in parallel
with the object beam to ensure full interference at the photomultiplier.

2.3

Interference of electromagnetic waves

2.3.1

Diﬀerential mode

Let us consider two plane waves (Figure 2.5), u 1 and u 2 , with diﬀerent optical
frequencies ω1 and ω2 :
u1 (x) = u01 ej(ω1 t+k1 ·x+ϕ1 )
u2 (x) = u02 ej(ω2 t+k2 ·x+ϕ2 )
Here u 01 and u 02 are the amplitudes of waves 1 and 2, respectively, ϕ1 and ϕ2 are
their initial phases, and k 1 and k 2 are the wave vectors. If these two waves are
superimposed, the outcome is the sum of the two waves, utot = u1 + u2 , with an
intensity:
I = utot · u∗tot
that can be expressed as:
I = u201 + u202 + 2u01 u02 cos [(ω1 − ω2 )t + (k1 − k2 ) · x + (ϕ1 − ϕ2 )]

(2.1)

Consider the geometry as depicted in Fig. 2.5. The direction of vibration of the
object was at an angle β with respect to the plane formed by the two beams (see
Figure 2.5). Let x be the horizontal axis and z the vertical axis, then the wave
vectors then have components in both the x and z directions and can be written as
follows:
k1 = k1x ex + k1z ez = k1 sinαex − k1 cosαez
and
k2 = k2x ex + k2z ez = −k2 sinαex − k2 cosαez
so that
(k1 − k2 ) · x = (k1 sin α + k2 sin α)x
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Figure 2.5: Interference of two laser beams on the vibrating object
where ex and ey are the unit vectors along the x- and y-axes. In the symmetrical
case, where the two waves have the same amplitude and approximately the same
absolute wave number (u 01 = u 02 = u 0 ; |k1 | ∼
= |k2 | = k), equation 2.1 is simpliﬁed
to:
I = 2u20 {1 + cos[(ω1 − ω2 )t + 2kxsinα + (ϕ1 − ϕ2 )]}
With ω = 2πf , and taking into account that k = 2π/λ, we obtain


4πxsinα
2
+ (ϕ1 − ϕ2 )]
I = 2u0 1 + cos[2π(f1 − f2 )t +
λ

(2.2)

This expression represents an interference pattern along the x-axis (see Figure
2.5) with eﬀective wavelength λfr (the distance between two successive peaks in the
interference pattern), which can be expressed as (cf. Drain 1980):
λfr =

λ
2sinα

All experiments were performed in water, with an index of refraction n = 1.33.
Also, the direction of vibration of the object which is moving as r(t) with an angle
16
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β with respect to the x-axis (see Figure 2.5), along which its projected position is
thus x(t) = r(t) cos β. Combining these two conditions leads to an optical distance
x(t) = n · r(t) cos β. Equation 2.2 can then be rewritten as:
I = 2u20 {1 + cos φ(t)}
with
φ(t) = 2π(f1 − f2 )t +

4πn sin α cos β
r(t) + (ϕ1 − ϕ2 )
λ

(2.3a)

(2.3b)

Equations 2.3a and b show that the photomultiplier signal, which is proportional
to the intensity I, consists of a carrier frequency (has a phase increasing monotonically with time) equal to (f1 − f2 ) of which the phase has a constant component
(ϕ1 − ϕ2 ) and a varying component, 4πn sinλα cos β r(t), which is proportional to the
displacement of the object. This last property lies at the basis of the two demodulation schemes used to determine either the speed (frequency-demodulation) or the
displacement (phase-demodulation) of the object.

2.4

Data recording and demodulation of the signal

The photomultiplier signal was band-pass-ﬁltered and passed to a demodulator.
The output signal of the demodulator was ampliﬁed, ﬁltered and stored on a PC
via a 16-bit AD converter (Ariel, DSP-16). A modiﬁed Polytec OVF 3000 unit,
with two calibrated output modes representing: 1. the velocity (analog frequency
demodulator) and 2. the displacement (digital phase demodulator), was used in the
submicrometer measurements described in this thesis.
1. The output of the Polytec OFV-3000 frequency demodulator is a voltage,
which is proportional to the velocity of the measured object. This demodulator is based on a phase-locked loop circuit and detects the changes in
instantaneous frequency of a signal. This, in the diﬀerential mode, eﬀectively
determines the time derivative of the phase φ/2π,
2n sin α cos β dr(t)
1 dφ(t)
= (f1 − f2 ) −
2π dt
λ
dt

(2.4)

of which the last (high-pass) term is put out as a voltage with a sensitivity
Rv , which in most of the experiments was Rv = 1 V/(3164.6 Hz) (bandwidth
35 kHz).
2. The output of the Polytec OFV-3000 phase demodulator is a voltage, which
is proportional to the displacement of the measured object. The digital phase
demodulator is based on a fringe counting scheme with a selectable sub-fringe
resolution, which was usually set to either 8 or 32 nm. The modulator subtracts the monotonically growing phase component of Eq. 2.3b, which is
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related to the frequency diﬀerence (f1 − f2 ) and puts out a voltage proportional to the remaining displacement dependent component, 2n sinλα cos β r(t) ,
with a sensitivity Rd = 1 V/ (39.7 rad) or 1 V/(158.7 rad) (bandwidth 50
kHz).
In both cases, λ is the wavelength of the laser beam (λ = 632.8 nm), α is the
half angle between the two interfering beams, and n = 1.33 is the refractive index
of water. The numerical aperture of the objective lens used (Zeiss, 40 WI, N.A.
= 0.8) restricts α to about 37◦ , while β, the angle between the object’s motion
and the plane of the laser beams (Fig. 2.5), was usually about 30◦ . Using the
above equations and settings we are able to obtain the velocity or displacement in
the diﬀerential mode. In the referential mode only one beam was directed to the
object. We therefore replaced the factor 2 sin α by 1 + cos α.

2.5

Sensitivity of the measurements

The accuracy of heterodyne laser interferometric measurements is in principle limited by genuine photon noise, photomultiplier noise, and broadening of the Doppler
frequency signal. The latter eﬀect can be caused by, for example, improper focusing
of the beam crossing; a distance of tens of micrometers between the beam crossing
point and the beam waists could result in an error of ∼ 20% (Hanson 1973). In our
experiments this error is minimised by the use of the telescope system produced by
lenses L1 and L2 (e.g. van Netten 1988). The signal to photon noise ratio for a similar setup was calculated by van Netten (1988) for the case of the diﬀerential mode
and was estimated to be approximately of the order of 10 under similar reﬂectivity
properties (< 0.002) as used in the present studies.
The velocity or displacement accuracy depends on the working range of the
demodulator and the bandwidth used, so that it increases with the square root of
the number of measurements used to obtain an average. In our experiments the
displacement was usually measured with an accuracy estimated to be as small as 1.5
nm. The accuracy of the velocity measurements was estimated to be approximately
0.6 µm/s.

2.6

Summary and conclusions

The LIM setup can be used in two modes, diﬀerential and referential, to measure
sub-micrometer vibratory displacements up to the kHz range and related velocities,
both at right angles (horizontal) and parallel (vertical) to the optical axis of the
objective lens respectively. It is suitable for measuring displacements of biological
objects with low reﬂectance (tenths of a percent or lower). Displacements of transparent lateral line cupulae as small as 1.5 nm can be measured with this technique.
The additional noise caused by oscillating mechanical mounts and supports of the
18
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optical devices in the diﬀerential mode is cancelled out by passing both laser beams
through closely mounted optical devices, so that the optical path diﬀerence that is
eﬀectively detected is minimally aﬀected. The accuracy of measurements in both
modes is fundamentally limited by photon noise, and therefore can be improved
by longer measurements and subsequent averaging (or equivalently by reducing the
bandwidth). The reference beam (in referential mode) can be set at a higher intensity in comparison to the beam scattered from the object, which, in principle may
enhance the accuracy of measurement in this mode and thus has an advantage with
respect to the diﬀerential mode (cf. Drain 1980).

19

2.6 Summary and conclusions

20

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
1 Ćurčić-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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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 supraorbital 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 measured 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 velocity, 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 resonance frequency, which occurs on average at approximately 120 Hz and is related
to hair bundle stiﬀness in combination with cupular and ﬂuid mass. At frequencies 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 neuromasts 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 acceleration, 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 characteristics occurring in natural conditions have not been investigated in detail so
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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 demonstrated 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
3.2.1

Materials and methods
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 anaesthetised with an intraperitoneal injection (60 mg per kg of body weight) of Saﬀan
(Mallinckrodt Veterinary, Uxbridge, UK) and subsequently placed in a ﬁsh tankholder, 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 supraorbital 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 capillaries 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 impulse 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 responds 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 mechanically 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 consequence (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 physiologically 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 (Polytec, OVF 3000), which has two calibrated output modes representing velocity (analog 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 stimulus sphere, velocity was measured simultaneously with displacement, with an accuracy 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 stimuli (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 proportional 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 characteristics 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 relaxation 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:
 
A1
(3.1)
QI = π/ln
A3
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 resolved. 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 characteristics, 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 response to ﬂuid with density ρ, viscosity µ and a velocity amplitude V0 at frequency
f , is then (e.g. van Netten 2006):
√
1 + 12 2(i + 1)(f /ft )1/2 + 3i (f /ft )
1
√
(3.3)
X0 = V 0
2πft Nr + i(f /ft ) − 12 2(1 − i)(f /ft )3/2 − 13 (f /ft )2
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):
  1
2 Nr 4
QII =
(3.6)
3 3
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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Figure 3.1: Step protocol (stimulus I) and induced cupular displacement responses. The command 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 piezoactuator and the measured displacement of the stimulating sphere, which is attached 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 responses 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 resemble 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 oscillations 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 position (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 displacements (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.
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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
3.4.1

Discussion
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 represent 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 dif31
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3815
3806
3728
3725
3723
3721
3718
3714
3711

QI
1.7
1.5
1.3
1.2
1.7
2.7
1.5
2.2
2.3

QII
1.6
1.2

frI (Hz)
238
121
113

frII (Hz)
256
121

ft (Hz)
30
30

Nr
49
16

1.8
1.6
1.6
2.3
1.9

86
76
84
131

85
98
128
84
126

8
12
16
5
10

70
44
42
174
90

τ (ms)
1.8
2.7
2.3
2.4
7.7
1.8
8.7
6.0
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 system behaves essentially linearly in response to the two types of stimuli presented.
Nonlinearity of cupular mechanics, imposed by the gating compliance of the transducer 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 gating 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 compliance 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 frequency 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 oscillation 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 amplitudes (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 stimulus impulse diﬀers among cupulae. These variations, unlike the timing and resonance 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 explained 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 relaxation 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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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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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 mechanotransduction 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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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 amplitudemodulated ﬂuid ﬂow produced by two diﬀerent carrier frequencies. The nonlinear
cupular response was attributed to the gating compliance resulting from the opening 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 temporal 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 magnitude 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
4.2.1

Materials and methods
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 displacement 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 ﬁltered (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 produced 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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 0
cos2 ( 2πt
V = V0 ·
∆t )

1

t ∈ (-2,0) ms
t ∈ (0, ∆t) ms
(4.1)
t ∈ (∆t, 130) ms

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 program 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 frequencies ranging from 30 - 500 Hz. The voltage amplitudes applied to the piezoactuator 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 responses 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 command 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 linearity 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 amplitude, 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

2
d2 X(t)
∗ d D(t)
=
M
+ Fﬂ − SX(t) − Fgs (X(t))
dt2
dt2

(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 displacement 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) Responses 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) dD(t)
−
dt
dt



1
− M∗
2



d2 X(t) d2 D(t)
−
dt2
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
(X + X0 ) + 1
kT



−1

− exp


−Z
(X − X0 ) + 1
kT

−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 resolution 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 measurements 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 structure, 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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a

fluid step stimulus

100 nm

cupular responses

b

4 ms

c

c

0.65 ms

d

d

1.05 ms

e

e

1.68 ms

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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50 nm

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.

a

2 ms

b

ratio

1.0

0.5

0.0

2.5

input (V)

2 ms
c

2.0
1.5
1.0
0.5
0.0
0

50

100

150

output (nm)

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).

a 1.0
0.5

0.0

ratio

b

1 ms
1.0

0.5

0.0

2 ms

c

1.0

0.5

0.0

1 ms

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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Ät1
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t2max

Ät2
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42061
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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

4401

9.16

9.64

0.48

15.04

15.86

0.58

21.17

22.11

Nr.

1

8

Mean ±
SD

0.83 ± 0.25

1.4 ± 0.8

0.94

5.63

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 amplitudes 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 amplitude 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 amplitudes

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 Methods), 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
4.4.1

Discussion and conclusions
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 displacement amplitudes. It is readily apparent (Fig. 4.2c) that with increasing stimulus amplitude, the period of the response oscillation ﬁrst becomes longer for middlerange 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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fluid step stimulus

b

cupular responses

100 nm

a
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c
ratio

1
0
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gating compliance
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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 observed 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 otherwise. 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 bundles. 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) Frequency 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 stiﬀness 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 reﬂected 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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2.3

11
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86.4

94.2

7.8

12

42102

84.9

81.1

3.75

13

4326
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130.9

10.45

14
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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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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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Chapter 5

Source location encoding in
the ﬁsh lateral line canal1
5.1

Introduction

Fish possess the ability to detect moving and vibrating underwater objects using
their mechanosensory lateral line organ (Dijkgraaf 1963). The lateral line organ is
an ensemble of mechano-sensory units, called neuromasts. These units are present
on the skin (superﬁcial neuromasts) or are distributed in lateral line canals running
along the body (canal neuromasts). In addition to its presence on the trunk, in
many species the lateral line canal organ is also well distributed over the head
in the so called cephalic lateral line canals (Coombs et al. 1988; Webb 1989).
The adequate stimulus to the lateral line organ is motion of the water relative
to the body, arising from nearby hydrodynamic sources. Several peripheral steps
in lateral line signal transduction have been physiologically identiﬁed (reviewed in
Dijkgraaf 1963; Bleckmann 1993; Coombs et al. 2000; Coombs and van Netten
2006), and biophysical models exist that accurately describe the hydrodynamical
and mechanical properties of individual sensory units (reviewed in Kalmijn 1989
and van Netten 2006). To date, only a limited number of investigations have been
performed to understand how the information on distance of a vibrating source
is represented in the overall excitation pattern along an array of neuromasts in
the lateral line canal (e.g., Denton and Gray 1982 1983; Hassan 1993; Coombs
et al. 1996; Coombs and Conley 1997a,b). A precise description together with a
quantitative interpretation of such measured patterns that allows a reconstruction of
the location and vibration direction of vibrating sources to be made is still lacking.
The lateral line organ plays a key role in the detection of vibrating obstacles,
1 Ćurčić-Blake and van Netten (2006) Source location encoding in the ﬁsh lateral line canal. J
Exp Biol (accepted)

53

5.1 Introduction
both on and under the water surface (e.g., Harris and van Bergeijk 1962; Dijkgraaf
1963; Bleckmann and Topp 1981; Kalmijn 1989; Coombs and Janssen 1990; Bleckmann 1993; Claas and Münz 1996; Coombs and Montgomery 1999). The purposes
of detecting and discerning moving objects in the surrounding water are diverse
and noticeably include spotting prey, predators or mates. Electrophysiological and
behavioural studies have shown that an animal, using its lateral line organ, can
locate an object of interest within small distances (Dijkgraaf 1963), comparable to
its body length (Denton and Gray 1983; Kalmijn 1988; Coombs and Conley 1997a;
1997b; Coombs et al. 2000). In addition, behavioural studies have clearly demonstrated that animals orient their bodies according to the stimulus. The route by
which ﬁsh approach a vibrating source varies between a direct heading and more
indirect trajectories such as zig-zag or arched pathways and depends on the starting
position of the prey (Hoekstra and Janssen 1986; Coombs and Conley 1997a).
Canals of the lateral line organ contain several neuromasts that are spatially
distributed at more or less equidistant locations (e.g., Coombs et al. 1996). A single
neuromast in a lateral line canal can be considered as an independent detector of
the local ﬂow pattern, because there is only minimal mechanical coupling between
adjacent canal segments of ﬂuid on either side of a neuromast (Sand 1981; Denton
and Gray 1983; Tsang 1997). Moreover, single neuromasts are selectively innervated
by several neurons that do not connect to other neuromasts (Münz 1985), so that
local ﬂow information, detected by a single neuromast, is relayed to higher order
neurons and is therefore available for further processing by the central nervous
system (CNS) (Coombs et al. 1996).
Canal neuromasts consist of mechano-sensory hair cells, covered by a gelatinous
cupula that eﬀectively transfers the motion of the ﬂuid in the canal to the bundles
of the hair cells. The directional sensitive hair cells in a neuromast are oriented with
their hair bundles in opposite directions along the axis of the canal, and therefore
selectively detect the component of the ﬂow ﬁeld that is parallel or anti-parallel to
the canal axis (Kuiper 1956; Flock 1965). In several studies of diﬀerent ﬁsh species,
it has been demonstrated that the responses of the hair cells of canal neuromasts
are proportional to the acceleration of the water around the ﬁsh (Denton and Gray
1983; 1989; Coombs and Janssen 1990; Kroese and Schellart 1992; Wubbels 1992;
Engelmann et al. 2000). Since under free-ﬁeld conditions water acceleration is
proportional to the pressure gradient, the individual neuromasts encode the pressure
gradients along the ﬁsh’s body, as has been directly demonstrated experimentally in
the trunk lateral line canal organs of goldﬁsh (Coombs et al. 1996). It is therefore
appropriate to consider the collective system of neuromasts in a lateral line canal
as an array of independent pressure-gradient detectors that collects information on
the surrounding ﬂow ﬁeld and has the potential to eﬀectively image the local ﬂow
ﬁeld sources around an animal (Coombs et al. 1996; Coombs and Conley 1997a,b).
Electrophysiological studies have shown that information about the location of
a stimulus source is encoded in the extracellular receptor potentials (ERPs) arising
from the mechano-transduction of the hair cells in a single neuromast (Harris and
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van Bergeijk 1962; Sand 1989) as well as in the activity of ﬁbres innervating the
lateral line organs (Coombs et al. 1996; Coombs and Conley 1997a). So far, no
direct decoding schemes have been proposed to quantitatively interpret measured
excitation patterns along the lateral line canal in terms of the position and direction
of vibration of sources. In order to do so, in the present study we have measured
the ERPs of canal neuromasts of the ruﬀe (Gymnocephalus cernuus) in response
to a vibrating sphere and we have compared the results to theoretically predicted
excitation patterns along a lateral line canal. Extracellular receptor potentials are
suitable for this purpose, because they can be routinely obtained and provide long
and stable recordings that are necessary for mapping the associated receptive ﬁelds
of a single neuromast. These quantitative results, together with the analytically
modelled excitation patterns based on the properties of potential (irrotational) ﬂuid
ﬂow past a vibrating sphere, show that the information on the sources is present
in the form of a wavelet transform of the excitation pattern. This information
uniquely identiﬁes the distance and position of the sources along the lateral line, as
well as their direction of vibration, within a range of roughly one ﬁsh body length.
The implication of this is that the information obtained by a linear (1-D) array of
detectors allows the ﬁsh to reconstruct the positions of several vibrating sources in
a two-dimensional (2-D) space.

5.2

Methods and theory

5.2.1

Stimulus

In order to study the function of the lateral line in detecting the position and
direction of motion of a vibrating stimulus source, extracellular receptor potentials
(ERPs) were measured in response to a vibrating sphere. Figure 1 shows a diagram
of the stimulus geometry in relation to the ﬁsh. The position of the sphere in the
x,y-plane with respect to the ﬁsh was changed in discrete steps. The step size ∆x
varied between 1 and 4 mm, and the step size ∆y was ﬁxed at 5 mm; the error of
both ∆x and ∆y was less than 50 µm. The sphere was initially placed at a short
distance from the canal, at a position that was visually estimated to be closest to the
cupula. All subsequent sphere positions were referenced to the coordinates of this
initial position. The actual distance of the sphere from the ﬁsh in the y-direction,
d, was then varied with step size ∆y, and can be expressed as d = yE + a + n∆y ,
where y E is an estimate of the initial distance between the edge of the sphere and
the skin of the ﬁsh, a is the radius of the sphere, and n is the (positive) number of
discrete steps taken in the y-direction. To obtain excitation patterns the source was
displaced in the x -direction so that its position along the lateral line with respect
to the neuromast, s, can be expressed as s = b + m∆x , where m is the (positive or
negative) number of discrete steps taken in the x -direction (Fig. 5.1) and the initial
shift of the source in the x -direction, b, was kept close to zero. The angle of the
direction of vibration with respect to the lateral line (x-direction) is denoted by ϕ.
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Figure 5.1: Schematic representation of the experimental setup. The horizontal x,y-plane is
deﬁned by an x -axis parallel to the lateral line, along which the position is denoted by s. A
neuromast at position s is stimulated by a sphere placed at distance r and angle θ with respect
to the x -axis. The distance of the sphere from the y-axis is denoted by b, and the distance from
the x -axis by d. The sphere vibrates (double arrowed bold line) at an angle ϕ relative to the
x -axis, which corresponds to an angle γ between the axis of vibration and the vector pointing to
the sphere position (r ). For clearness the geometry is depicted in relation to the trunk lateral line
system. Actual measurements were done on the cephalic lateral line system.

The hydrodynamic stimulus was produced by a Teﬂon sphere (Ø = 2a = 10 mm),
which was attached via a stiﬀ, insulated metal staﬀ (Ø = 4 mm) to a piezo-electric
actuator (Physik Instrumente, P-843.30) vibrating sinusoidally with a frequency of
65 or 70 Hz. These frequencies were chosen in order to evoke a cupular response in
the acceleration-sensitive frequency range, well below the resonance frequency, yet
enabling the measurement of a clear receptor potential. The amplitudes of vibration
were kept constant during a series of steps in the x -direction, but varied from 0.5
to 3.2 µm depending on the distance to the ﬁsh. The voltage applied to the piezoelectric driver was generated via a 16-bit D-A converter (Ariel, DSP-16), so that
the stimulus buﬀer contained 16 periods with 32 points per period. Responses were
averaged corresponding to 180 stimulus buﬀers.
The sphere was adjusted to vibrate in a direction approximately parallel to the
canal. It should be noted that due to the refraction of light at the interface of water
and air, and due to the fact that the canal was covered by skin, the direction of
vibration could only be roughly estimated, and thus in practice the sphere could
vibrate at angles (ϕ) up to approximately 10◦ with respect to the canal axis (xdirection).

5.2.2

Preparation and measurements of extracellular receptor potentials (ERPs)

Ruﬀe (Gymnocephalus cernuus) with body lengths ranging from 10-13 cm were
anaesthetised with an intraperitoneal injection of Saﬀan (Mallinckrodt Veterinary,
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Uxbridge, UK) at a concentration of 60 mg per kg body weight. Animal procedures
conformed to Dutch governmental rules and the guidelines of the University of
Groningen Institutional Animal Committee (RuG-DEC ). The ﬁsh were placed in
a large water tank (base: 50 cm x 25 cm, height: 17 cm) at a depth of 2 - 2.5
cm below the water surface. They were respired by a ﬂow of tap water through
their gills and held in place by body clamps. Measurements were performed on
neuromast no. 3 (Jakubowski 1963) in the supraorbital lateral line of the ﬁsh. The
cupula of this neuromast is enclosed in the canal by a bony bridge, while the canal
is covered by skin. A small incision was made in the skin covering the canal next
to the bony bridge to allow the placement of a silver wire electrode (Ø = 0.03 mm)
in the canal for measuring ERPs. The electrode was insulated except at the tip,
enabling measurements of potentials from the small region around the tip, which
was placed in the vicinity of the cupula. A chloridised silver reference electrode
was placed in the trunk of the ﬁsh. Both electrodes were connected to a diﬀerential
preampliﬁer (EG&G, PARC, PreAmp 113) with a band pass of 0.3 Hz – 3 kHz.
The signal was further low-pass ﬁltered (elliptic 16-pole ﬁlter (DIFA); cut-oﬀ at 16x
the stimulus frequency), ampliﬁed, and stored via a 16-bit A-D converter (Ariel,
DSP-16). The sampling frequency was 32 times the sinusoidal stimulus frequency.
The amplitude of the ERP, the main component of which is at twice the stimulus
frequency (Kuiper 1956), was obtained by calculating a Fast Fourier Transform
(FFT) of the recorded ERP time traces and extracting the amplitude and phase of
the component at 2f (130 or 140 Hz) for each discrete location of the sphere.

5.2.3

Theoretical pressure gradient patterns and wavelets

Vibrating spheres have been widely used in lateral line research (e.g., Harris and
van Bergeijk 1962; van Netten and Kroese 1987; Coombs and Janssen 1990; Kroese
and Schellart 1992; Coombs et al. 1996) and their usefulness in representing more
general stimulus sources has been reviewed (Kalmijn 1988). For suﬃciently large
spheres, the ﬂow ﬁeld produced in the frequency range relevant to the lateral line
system can be considered to be irrotational, so that the boundary layer around the
sphere is small and the eﬀect of viscosity can be neglected (van Netten 2006). The
lateral line is assumed to be stimulated by the near-ﬁeld ﬂow of the sphere, that
is, in the vicinity of the sphere, where the amplitude of the water displacement is
proportional to r −3 , where r is the distance to the sphere (e.g., Kalmijn 1988; van
Netten 2006). A sphere that vibrates with angular frequency ω and amplitude X 0 ,
so that its displacement from equilibrium, X, is given as a function of time, t, by
X = X0 sin ωt produces a time dependent pressure next to the lateral line canal.
The (potential) pressure distribution of the near ﬁeld is cylindrically symmetric
around the axis of vibration and given in cylindrical coordinates by p(r, γ, t) =
P (r, γ) sin ωt, with the pressure amplitude P (r, γ) expressed as (Harris and van
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Bergeijk 1962; Kalmijn 1988; van Netten 2006):
cos γ
1
P (r, γ) = − ρω 2 a3 X0 2 .
2
r

(5.1a)

Here ρ is the density of the ﬂuid, a is the radius of the sphere, and γ is the angle
between the direction of vibration and the line (length r ) connecting a neuromast
and the source (Fig. 5.1).
Canal lateral line responses are proportional to the acceleration of the external
water (Denton and Gray 1983; Coombs and Janssen 1990; Kroese and Schellart
1992) which in turn, under free-ﬁeld conditions, is proportional to the pressure
gradient (e.g., Kalmijn 1988; van Netten 2006). The displacement of the neuromasts
in a lateral line canal is therefore proportional to the local pressure gradient along
the lateral line (Denton and Gray 1983; Coombs et al. 1996).
In Fig. 5.1, the lateral line canal is approximated by a straight segment along
which we deﬁne the x -axis, with position variable s. The orthogonal y-axis is
deﬁned to point into the lateral direction. Further, ϕ denotes the angle between
the direction of vibration of the sphere and the x -direction. In the Cartesian x,ycoordinate system, in which the source is located at position (b,d ), we can express
P (r,γ) (Eq. 5.1a) as P (x,y) by applying the following relationship:
cos γ = cos (θ − ϕ) =

(b − s) cos ϕ + d sin ϕ
 12
2
(b − s) + d2

(5.1b)

1
1


in which we used cos θ = (b − s)/ (b − s)2 + d2 2 and sin θ = d/ (b − s)2 + d2 2
(see Fig. 5.1). The pressure produced at position s along the lateral line in the
Cartesian system, P (s) = P (s,0), (y = 0; see Fig. 5.1) then follows from combining
Eq. 5.1a with Eq. 5.1b:
P (s, 0) =

ρω 2 a3 X0 ((s − b) cos ϕ − d sin ϕ)
.
 32
2
2
(s − b) + d2

(5.1c)

The pressure gradient amplitude at lateral line position s, dP (s)/ds, (dropping the
y = 0 in P (s,0)) produced by a dipole source at position b,d is then given by:
dP (s)
= CΨ
ds

(5.2a)

with:
Ψ = Ψe cos ϕ + Ψo sin ϕ ,
and
C=

ρω 2 a3 X0
2d3
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and where the even and odd functions Ψe and Ψo , here termed dipole wavelets, are
given by:
Ψe (σ) =

1 − 2 σ2
5

,

even dipole wavelet

(5.2c)

5

,

odd dipole wavelet

(5.2d)

[1 + σ 2 ] 2

and
Ψo (σ) =

−3 σ
[1 + σ 2 ] 2

with

s−b
.
d
The amplitude of the pressure-gradient excitation pattern along a straight lateral
line, dP (s)/ds, as produced by a dipole source (Eq. 5.2a), is dependent on the
distance to the source, d, in two ways. Firstly, the amplitude of the pressure gradient
is inversely proportional to the third power of the distance of the source to the lateral
line (Eq. 5.2b). Secondly and more signiﬁcantly, the spatial variations along the x direction, as described by the even and odd dipole wavelet functions, scale linearly
with the distance of the source, d, since these wavelets are exclusively dependent
on the ratio of s-b to d (Eqs. 5.2c and 5.2d). Therefore, the spatial variations in
pressure gradient, detected along a linear array of lateral line canal neuromasts,
uniquely encode the distance, d, irrespective of the vibration amplitude, frequency,
and dimensions of the source, or of the ﬂuid properties. The parameter b determines
the shift of the wavelets’ points of symmetry along the lateral line. Examples of
the dipole wavelet functions Ψe and Ψo are shown in Figs. 2a and 2b for two values
of the source distance, d (10 and 20 mm) and with shift parameter b = 0. The
pressure gradient consists in general of a linear combination of the even and odd
wavelets, Ψ = Ψe cos ϕ + Ψo sin ϕ, depending on the direction of vibration with
respect to the lateral line, ϕ, and with respective weight factors given by cos ϕ and
sin ϕ (Eq. 5.2a). For example, Fig. 5.2c shows the linear combination of the two
wavelets arising from a source at a distance of 10 and 20 mm, and ϕ = 8◦ .
The maximum amplitude of the even wavelet is reached at the point of the
lateral line that is closest to the source; the odd wavelet is zero at this position. A
characteristic measure of the spatial variation in excitation patterns for small angles
ϕ (i.e., if the Eq. 5.2a becomes Ψ ≈ Ψe ) is the distance between
√ the zero crossings,
S (see Fig. 5.2a and 2c). It follows from Eq. 5.2c that S = d 2, so that d can be
determined from measurements of S via
√
(ϕ ≈ 0).
(5.3a)
d = S/ 2
σ=

Measurements in this study were performed under the condition that the sphere
vibrated parallel to the lateral line canal, such that ϕ is close to a zero, and Eq.
5.3a can be used (see Figs. 2a,c and 3e). Similarly, a characteristic spatial linear
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Figure 5.2: (a) The even dipole wavelet function, Ψe , as a function of position along the lateral
line, s, for two values of the source distance d (10 mm, solid line; 20 mm, dashed line). (b) The
odd dipole wavelet function, Ψo , for two values of the source distance d (10 mm, solid line; 20
mm, dashed line). D denotes the distance between the two extremes. (c) The linear combination
of the even and odd wavelets,Ψ = Ψe cos ϕ + Ψo sin ϕ, and for ϕ = 8◦ , for two values of the source
distance d (10 mm, solid line; 20 mm, dashed line). S denotes the distance along the lateral line
between the zero crossings (a and c). The shift factor b = 0 mm in (a-c).

measure of the odd wavelet (relevant when ϕ ≈ 90◦ and the Eq. 5.2a is Ψ ≈ Ψo ) is
the distance, D, between the maximum and minimum (see Fig. 5.2b). It is easy to
show that D is equal to the distance d, so that d can be obtained from measurements
via:
d = D(ϕ ≈ 90).

(5.3b)

At intermediate angles, where both even and odd wavelets are non-zero, more complicated relations are required for estimating d (see also Discussion).
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5.2.4

Fitting measured excitation patterns

Extracellular receptor potentials of a single neuromast were measured as a function
of the position of the stimulus sphere, s, along the x -axis. An example is shown
in Figs. 5.3a-c. ERPs are a measure of cupular deﬂection (Kuiper 1956; Harris
and van Bergeijk 1962; van Netten 1987; Kroese and van Netten 1989), which in
turn is proportional to the pressure gradient at the location of a neuromast and
thus the ERPs can be used to monitor the local pressure gradient. In order to
quantitatively describe the ERPs, we used a nonlinear transfer function based on
previous combined measurements of ERPs and cupular displacements (Fig. 5.3d;
from van Netten 1987). The transfer function reﬂects the eﬀect of the morphological
polarisation of the hair cells, which eﬀectively results in two populations of cells with
opposite directional sensitivity, being parallel or anti-parallel to the axis of the canal.
As a consequence of individual hair cell rectiﬁcation and saturation (e.g. Kuiper
1956; Corey and Hudspeth 1983), the collective response of the two populations is
dominant at twice the stimulus frequency (Figs. 5.3b,c). The ERP amplitude, u, can
then be empirically described as a nonlinear function of the cupular displacement
amplitude, and thus as a function of the pressure gradient amplitude, dP/ds:




−1 
 dP n
dP


)=c 1− 1+
/g
,
u(
ds
ds 

(5.4)

where dP/ds is given by Eq. 5.2a (Fig. 5.3e). Thus, in addition to yielding the
parameters d and b (e.g., Eq. 5.2a), these ﬁts also produce values of the ERP
scaling constants, g and c, and of n, which is a measure of the nonlinearity caused
by saturation of the hair cells. Since the amplitude of the ERP is strongly dependent
on electrode position the scaling constants (c, g and n) may vary signiﬁcantly per
experiment. We distinguish between experimentally controlled and ﬁtted values of
the distance by using d and d’, respectively.
Figure 5.4 shows an example of a ﬁt made with Eq. 5.4 to measurements of
ERPs as a function of position s. It should be noted that the nonlinear transfer
function does not aﬀect the positions of the zero-crossings of pressure gradient excitation patterns, but merely produces local minima at these positions in the rectiﬁed
response of the pressure gradient patterns as can be illustrated by comparing Fig.
5.3e with Fig. 5.2c. Fig. 5.3e was constructed from Fig. 5.2c by applying the nonlinear transfer function (Eq. 5.4) depicted in Fig. 5.3d. The phase of the pressure
gradient shifts by 180◦ on passing a zero-crossing, as is also evident from recordings
of aﬀerent ﬁbres (Coombs et al 1996). Since the measured ERPs are eﬀectively
rectiﬁed versions of the pressure gradients, the direction of the pressure gradient
is not coded in the ERP, with the consequence that the 180◦ phase shifts at zero
crossings are not seen in ERP recordings, as is clear from Fig. 5.4b.
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Figure 5.3: (a) Stimulus signal as a function of time, with a frequency f = 65 Hz. (b) ERP of a
neuromast as a function of time measured in response to the signal shown in (a). (c) Spectrum of
the ERP response depicted in (b) showing the amplitude components as a function of frequency.
The component at twice the stimulus frequency (2f = 130 Hz) clearly dominates the fundamental
component (f = 65 Hz) and is taken as the ERP amplitude. (d) Measured amplitude of the ERP
(2f component) as a function of cupular displacement (data points, from van Netten 1987). The
non-linear model (solid line) is given by Eq. 5.4, with ﬁtted parameters g = 37 ± 3, n = 1.7 ±
0.2 and c = 34 ± 2. (e) ERP as a function of location along the lateral line s, simulated using the
nonlinear function (Eq. 5.4) depicted in (d), applied to the pressure gradient proﬁle calculated
from the linear combination of the wavelets shown in Fig. 5.2c (d = 10 mm), corresponding to ϕ
= 8◦ .
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Figure 5.4: (a) Measured amplitude of ERPs (circles) from a neuromast in the supraorbital
lateral line of the ruﬀe. The sphere was moved along an axis parallel to the lateral line (x -axis) at
a distance d = 10 mm. This is referred to as an excitation pattern (see text). ERPs were ﬁtted
with the model given by Eq. 5.4 (solid line), describing the measured excitation patterns. (b =
-0.9 ± 0.2 cm; d’ = 8.5 ± 0.3 mm; ϕ = -9 ± 3◦ ) (b) Phase of ERPs.

5.3
5.3.1

Results
Experimental quantiﬁcation of linear relationship between spatial variation in pressure gradient and source
distance

Extracellular receptor potentials (ERPs) of single neuromasts in the supraorbital
canal of the ruﬀe (Gymnocephalus cernuus, n = 11) were measured to obtain quantitative information on the excitation pattern of neuromasts along the canal, as
induced by a vibrating sphere. ERPs are produced by evoked transducer currents
of the hair cells underlying a neuromast and are a direct measure of the mechanical
displacements of a neuromast’s cupula (e.g. Corey and Hudspeth 1983; WiersingaPost and van Netten 1998; see also Methods). Since cupular displacement is proportional to the external water acceleration in the approximate frequency range of 10
to 100 Hz (van Netten 2006), ERPs are thus proportional to pressure gradients at
these frequencies (see Methods). Excitation patterns were obtained by varying the
position of the stimulus sphere in the x -direction (cf., Fig. 5.4a). The sphere was
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submerged slightly above the canal, and its position was changed in discrete steps
along the x-axis at several experimentally controlled distances (d ) in the y-direction
(see Fig. 5.1). ERPs were plotted for each distance, d, as a function of position, s,
along the lateral line canal (excitation pattern).
As the experiments were performed on neuromasts in unexposed canals, it was
diﬃcult to exactly determine the position of the cupula underneath the skin. Therefore, the centre of the peak is often slightly displaced from s = 0 mm as indicated by
the parameter b from the ﬁt. A typical example of an excitation pattern measured
at a distance of d = 10 mm is shown in Fig. 5.4 (data points) together with a
theoretical ﬁt, using Eq. 5.4 combined with Eq. 5.2a (Fig. 5.4, solid line). The
measured amplitudes in this example clearly peak near s = 0 mm, which corresponds to a sphere vibrating directly next to the cupula. The centre of the peak as
determined from the ﬁtted response appears to be at b = -0.9 ± 0.2 mm.
The width of the peak, measured between the points where the amplitudes reach
minimum values, is S = 12.5 mm. The distance d’ obtained from the ﬁtted curve
is 8.5 ± 0.3 mm, while Eq. 5.3a, using S = 12.5 mm, yields 8.8 mm. On each
side of the central peak there is a smaller one, of which the height of the left-hand
peak is greater than that of the right-hand one. This diﬀerence in height can be
attributed to a non-zero angle ϕ between the lateral line canal and the direction in
which the stimulating sphere is vibrating, so that a minor contribution of the odd
wavelet is required to ﬁt the data (see Eqs. 5.2; Fig. 5.4, ϕ = -9 ± 3◦ ). Figure 5.4b
presents the measured phase of the ERPs for the component at twice the stimulus
frequency. It is clear that the phase is fairly constant and close to 180◦ along the
x -axis, although small changes of up to 45◦ are apparent at the same positions as
where the minima appear on either side of the highest peak. Similar phase changes
around the minima occur in most of the measured responses.
The characteristic three-peak shape of the ERP amplitudes for small angles ϕ
of the sphere vibration direction to the lateral line canal is maintained on varying
the distance between the source and the lateral line, but the width of the peak
increases with distance. Figure 5.5 demonstrates this property for two diﬀerent
neuromasts. Since the amplitude of the response decreases rapidly with the cube of
the distance (see Eq. 5.2b), we applied at larger increased displacement amplitudes
of the sphere. Therefore, the ERP excitation patterns measured at diﬀerent distances are similar in amplitude, enabling the ﬁtting of the model (Eq. 5.4) and to
extract parameters with comparable accuracy. It was experimentally veriﬁed that
increasing the sphere’s stimulus amplitude does not aﬀect the positions of the local
minima of the ERP, which are the important features of the measured excitation
patterns determining the ﬁtted value d’.
In the examples shown in Figs. 5.5a and b, the increase of the peak width
with source distance is clearly linear, as indicated by the straight dashed lines
that connect the minima (i.e., pressure gradient zero-crossings) of three diﬀerent
excitation patterns displayed at vertically equidistant oﬀsets. The peak width is
thus proportional to the experimentally controlled distance d. This is in line with
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Figure 5.5: Measured excitation patterns (circles) obtained from two cupulae (a and b) with
model ﬁts (solid lines) for three diﬀerent distances d of the stimulus sphere along the y axis. (a)
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Eq. 5.3a) of the excitation patterns with increasing distance d.
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theory, which predicts a linear increase of the separation, S, of the minima with
increasing distance, d (Eq. 5.3a).
To further test the theoretical hypothesis of the linear relationship between
the spatial variations in the excitation patterns and the experimentally controlled
distance d, we compared values of d to the ﬁtted distance parameter d’. Figure
6 5.6 shows the ﬁtted distance d’ as a function of the controlled distance d for
diﬀerent neuromasts (n = 9). A linear ﬁt according to d = Ai d + Bi was performed
on each neuromast (i = 1-9). R-square values of these ﬁts were all exceeding
0.96, supporting the hypothesized linear relationship. The coeﬃcients Ai and B i
obtained from all neuromasts were averaged with weight factors taking the errors
into account, yielding the values Aav = 1.07 ± 0.01 and Bav = -0.5 ± 0.1 mm. The
associated function d = Aav d + Bav is plotted in the Fig. 6 5.6 (bold solid line).
Fitting a linear function to the pooled data of all ﬁsh gave similar values (A = 0.97
± 0.12; B = -0.7 ± 1.6 mm). For comparison a line through the origin with a slope
of 1 (i.e., d = d’ ) has been added (dashed line). Together, these results ﬁrmly show
the equality of experimentally controlled distance, d, and the spatial characteristics
of the measured excitation patterns along the lateral line, characterised by d’.

5.3.2

Dipole imaging using the Continuous Wavelet Transform

The linear relationship between the source distance, d, and the spatial variations of
pressure gradient excitation patterns, characterised by scale parameter, d’, allows
for an interesting and general quantitative image-reconstruction of dipole sources
positions and their direction of vibration. This analysis is based on a general technique known as the Continuous Wavelet Transform (CWT). The CWT is related
to the property that a function, under certain conditions, can be represented by a
weighted series of scaleable base functions, or mother wavelets (e.g. Mallat 1998).
The two dipole wavelets deﬁned by Eqs. 5.2c and 5.2d, fulﬁl this essential feature
of mother wavelets, since they are linearly scaled by the distance parameter d. In
addition, mother wavelets require a second parameter, which indicates a shift of the
wavelet along the x -axis. Also this parameter is deﬁned for the dipole wavelets via
b (Eqs. 5.2c,d).
The two CWTs, Fe (b, d) and Fo (b, d), of a lateral line pressure gradient excitation pattern, f (s), based on the two mother wavelet functions Ψe (s, b, d ) and
Ψo (s, b, d )(Eqs. 5.2c,d) are then deﬁned by:
1
Fe,o (b, d) = √
d

∞
f (s) · Ψe,o (s, b, d ) ds

(5.5)

−∞

A CWT thus consists of a convolution-like multiplication operation of the excitation
pattern along the s-direction with mother wavelets, which not only have diﬀerent
shifts b, but also have diﬀerent scales d. It can be shown (Mallat 1998) that mother
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Figure 5.6: The distance d’ obtained from the model (Eq. 5.4) ﬁtted to the measured excitation
patterns for n = 9 neuromasts (various symbols) as a function of the real distance d. The thick
solid line indicates the linear ﬁt d = Aav d + Bav with parameters Aav = 1.07 ± 0.01 and Bav =
(-0.5 ± 0.1) mm. For comparison, the dashed line illustrates the case d’ = d (A = 1, and B = 0
mm).

wavelets can be used to represent functions using the CWTs given by Eq. 5.5,
∞
Ψe,o (s, b, d )ds = 0 .
under the condition of “admissibility”, which requires that
−∞

This condition is satisﬁed for both wavelets (Eqs. 2c,d), since they are deﬁned as
pressure gradients along a straight line, and their integral, the dipole pressure itself,
vanishes at plus and minus inﬁnity (Eq. 5.1).
The CWTs, Fe,o (b, d), eﬀectively form images of the dipole sources in the cylindrically symmetric 2-D b,d -plane around the lateral line along which a pressure
gradient f (s) is produced. This 2-D space is related to the original x,y-plane (Fig.
5.1), so that the b-direction corresponds with the x -direction and the d -direction
with the y-direction. If a source is located in the x,y-plane at a certain position it
shows up as a maximum of the CWT at the same location in the b,d -plane. Figure
5.7 gives examples of contour plots of CWTs that eﬀectively image dipoles located
close to (Fig. 5.7a, d = 10 mm) or more distant (Fig. 5.7b, d = 30 mm) from
the lateral line. These CWTs were obtained by applying Eq. 5.5 to theoretical
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pressure gradient proﬁles f (s) (indicated below the CWT contour-plots) of dipoles
vibrating in a direction parallel to the lateral line at locations indicated by white
crosses in the CWT contour-plot. Figures 7a and b clearly show that the CWT
analysis technique produces reliable determinations of the locations of the dipole
sources by peaking at the location of the sources (white crosses). The peaks have
a more elongated shape in the y-direction than in the x -direction. In addition, the
shape is asymmetrical in the y-direction, so that the decline with distance from the
maximum is more gradual at more remote locations. Related to this observation
is that the wavelets do not form an orthogonal set of base functions; there is thus
redundancy in the reconstruction in terms of individual wavelet components. This
results in spatial maps in the form of peaked distributions rather than discrete peaks
at the source location.
If the envelopes of excitation patterns produced by several dipole sources that
are not very close to each other are combined, the CWT-reconstruction may resolve
these multiple sources. An example of this is shown for two sources in Fig. 5.7c.
The reconstruction is even possible if the sources are located in front of each other
(Fig. 5.7d). In the latter case, the CWT image of the sources is distorted in such
a way that the peaks seem to attract each other, so that the distance between the
sources is underestimated.
The CWTs obtained with the even and odd mother wavelet may, in addition to
the sources’ positions, also provide their vibration directions, ϕ, via the CWT ratio
which is proportional to tan ϕ (cf. Eq. 5.2a).

5.4

Discussion

We have measured and analytically modelled excitation patterns along a lateral
line canal and quantitatively compared the results. Previous lateral line studies
that also showed the dependence of spatial variations of lateral line excitation patterns on source distance have been limited to a more general interpretation, without
quantitative decoding of the source distance and angle of vibration. We show here
that the excitation patterns have characteristic shapes that can be described by a
family of wavelet patterns with a linear spatial scale factor, d (see Eq. 5.2), which
is equal to the distance between the source and the lateral line. This straightforward linear relationship between spatial variation in the excitation patterns and
source distance allows for an unambiguous absolute coding of the source distance in
a linear lateral line array. This spatial coding is very robust as it is not dependent
on the characteristics of the source, such as intensity, frequency of vibration, or dimensions, nor does it rely on speciﬁc ﬂuid properties, such as density and viscosity.
These characteristics also naturally link the speciﬁc physiological features of the two
direction-sensitive groups of hair cells to the operational range of the lateral line
canal organ, which is typically deﬁned as a ﬁsh’s body length (Denton and Gray
1983; Kalmijn 1988; Coombs and Conley 1997a). Before elaborating on the implications of the observed linear spatial coding of source position by the lateral line
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Figure 5.7: Continuous wavelet transforms (2D-contour maps) calculated using Eq. 5.5 from
pressure gradient excitation proﬁles (f (s), curves below each contour map) associated with one
(a,b) or two (c,d) dipole sources. The column to the right of each contour map quantiﬁes the
contour colours. Pressure gradient proﬁles were obtained using a single wavelet function deﬁned
by Eq. 5.2c. For the case of two sources (c,d) the pressure gradient was determined as the sum
of two individual wavelet functions. The white crosses in the contour maps indicate the positions
of the dipole sources in x,y-space and correlate adequately with the maxima of the contour plots
in b,d-space (panels a,b,c). If the sources are aligned with a ﬁxed y-coordinate (panel d), the
maxima seem to attract each other.
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organ, we will ﬁrst discuss the conditions under which the present measurements
and modelling were performed and their more general relevance for excitation of
the lateral line organ.

5.4.1

Relevance of dipole sources

The use of a vibrating sphere in lateral line experiments is convenient since the
hydrodynamic near-ﬁeld produced by the sphere can be accurately controlled and
predicted. It has been shown that several types of natural stimuli can be well
approximated by the sinusoidal vibration of a sphere, or dipole source. Kalmijn
(1988) discussed relevant stimuli to the lateral line, describing the dipole term of
the stimulus as the leading term in a series expansion of general water ﬂow generated by moving sources that do not change their dimensions. The relevance of
vibrating objects for stimulating the lateral line is supported by several experimental reports. Montgomery and Macdonald (1987) recorded the vibrations of water
produced by swimming planktonic prey. They showed that these vibrations exhibited low-frequency peaks at 3-6 Hz, several harmonics of the fundamental frequency,
and strong peaks between 30 and 40 Hz that were detected by the lateral line organ.
Bleckmann et al. (1991) measured sinusoidal water motion presented in the vicinity
of hovering ﬁsh and crustaceans. Furthermore, vibrating objects have been applied
in several lateral line studies. For instance, Coombs and Janssen (1990) induced
a feeding response in ﬁsh by the use of a vibrating sphere at 50 Hz. Satou et al.
(1994) demonstrated that the lateral line is involved in inter-sexual communication
in the himé salmon (Onchorhynchus nerka) by showing that a spawning response
was induced by a sphere vibrating at 21 Hz. Finally, the eﬀect of the presence of
the ﬁsh in distorting a dipole ﬁeld has been investigated both theoretically (Hassan 1993) and experimentally (Coombs et al. 1996), and it was shown to result in
somewhat higher amplitudes but with minimal eﬀect on the spatial characteristics
of excitation patterns.

5.4.2

Suitability of ERPs of a single neuromast to analyse
excitation patterns of pressure gradients along a lateral
line canal

ERPs of supraorbital canal neuromasts were measured in response to sinusoidally
varying displacements of water produced by a sphere. The position of the sphere
was changed along a line parallel to the lateral line canal at a ﬁxed distance (d ),
allowing the diﬀerences to be observed in both amplitude and phase of the ERPs
arising from these diﬀerent source locations. This method of using responses of a
single neuromast to simulate the excitation pattern of a ﬁxed vibrating sphere that
would arise along an array of neuromasts lined up in the lateral line canal, has been
used before (e.g. Coombs et al. 1996; Coombs and Conley 1997a). In the present
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series of experiments ERPs were used as a monitor of cupular displacement. The
displacement was not measured directly as has been done previously (van Netten
and Kroese 1987; Wiersinga-Post and van Netten 2000; Ćurčić and van Netten
2005). ERPs are relatively easy to measure and require minimal invasive interference
with canal- and cupular hydrodynamics, since only a small incision in the skin close
to a neuromast is required for the placement of a thin wire electrode. ERPs provide
hours of stable recordings, which thus allowed to obtain information of the excitation
pattern with suﬃcient accuracy for the present quantitative analysis. The ERP
increases monotonically with cupular motion (Fig. 5.3d) and is a rectiﬁed measure
of cupular displacement, since the opposite groups of directionally-sensitive hair
cells beneath a neuromast are fairly evenly represented (Rouse and Pickles 1991).
This leads to an ERP phase ambiguity of 180◦ . Minima in a pressure gradient proﬁle
(Fig. 5.2c) are thus rectiﬁed to ERP maxima (cf., Fig. 5.3e), while zero crossings
of the pressure gradient correlate with ERP minima. These ERP minima thus
indicate a phase reversal of the pressure gradient; and their separation along the
lateral line, S, is a sensitive and linear measure of the wavelet scaling parameter,
d (Eq. 3e), which is not aﬀected by the rectifying properties of the ERP. The
information on distance of the source, as transduced by the two populations of hair
cells and subsequently transmitted to the CNS, is thus clearly reﬂected in the spatial
characteristics of the ERP (e.g., Fig. 5.3e). We can consequently use the ERPs to
analyse the spatial encoding in an array of lateral line neuromasts.

5.4.3

Encoding of source location and direction of vibration

One of the most important questions related to source localisation by ﬁsh is how
excitation patterns along the array of lateral line neuromasts can be analysed and
resolved into information about the source distance. Coombs and Conley (1997b), in
their behavioural experiments on mottled sculpin (Cottus bairdi ), described several
types of approach to a vibrating source that simulates prey. The approach strategy
of the ﬁsh depended on its initial position with respect to the stimuli. According
to these authors, the ﬁsh approached the prey along a direct route only when the
prey was to the side of the ﬁsh at the onset of the stimuli. They also described a
so-called arching pattern of approach that seemed to follow iso-pressure lines, and
occured mainly when the ﬁsh faced the source and at 90◦ relative to the axis of the
vibration. A zig-zag pattern of approach was observed when the ﬁsh was pointing
at an angle of 45◦ to the source. From these observations it can be speculated that
a ﬁsh might not be able to determine the location of the source in all circumstances,
and that it will therefore orient its body with respect to the source in order to gain
the most information.
In cases where the source vibrates in a direction parallel to the lateral line, our
present analysis shows that a relatively simple strategy might work. In this situation
ϕ = 0◦ , so that the pressure gradient consists only of the even wavelet function.
The pressure gradient peaks at the location of the source in the x -direction. The
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distance of the source in the y-direction is then simply related to the
√ separation
between the pressure gradient zero-crossings, S, according to d = S/ 2 (Eq. 5.3a;
Fig. 5.3e). The morphological polarisation of lateral line canal hair cells, which
accounts for their directional selectivity, parallel or anti-parallel to the canal, is
thus ideal for sensing the phase reversals in the excitation patterns associated with
the zero-crossings (Coombs et al. 1996). If the angle of the vibration, ϕ, is smaller
than ∼ 20◦ , the distance of the source can be calculated from the distance between
the zero-crossings using the above equation with an error of less than 6%.
The situation becomes more complicated when ϕ increases beyond 20◦ . The
symmetry of the three peaks in the excitation pattern changes and the main peak is
no longer situated at the x -component of the source (Fig. 5.1). In fact, at increasing
angles one of the side-maxima becomes smaller and practically disappears. If the
vibration occurs at 90◦ to the lateral line in the x,y-plane, a symmetric pattern
appears again with one pressure gradient zero crossing in between a symmetrically
located maximum and minimum. The separation, D, between these two extremes
is identical to the source distance (i.e., d = D, Eq. 5.3b).
A more robust, angle-independent and yet simple approach involves detecting
the positions of the two most pronounced extremes sM 1 and sM 2 in the pressure
gradient excitation proﬁles, f (s) along the lateral line. If at some point in the
aﬀerent pathway the information on the locations sM 1 and sM 2 , can be detected and
processed, a reliable distance estimate, d est , can be made using dest = |sM 1 − sM 2 |.
The error is maximally 20% when the vibration angle is parallel to the lateral line
(ϕ = 0◦ ), while the estimate becomes exact for vibrations at right angles to the
lateral line (ϕ = 90◦ ). In the case of an arbitrary angle, the two highest maxima
in the proﬁle are close to the x -coordinate (b ∼
= sM 2 ) of the source position,
= sM 1 ∼
so that a simple but eﬀective estimate of its x -coordinate is best = (sM 1 + sM 2 ) /2.
A more reliable estimate, b est , is given by a weighted sum of the positions of the
maxima as follows:

best =

f 2 (sM1 )sM1 + f 2 (sM2 )sM2
f 2 (sM1 ) + f 2 (sM2 )

It can be shown that the error in this estimate of the x -coordinate is always less
than 5% of the (real) source distance, d, independent of ϕ.
The CWT analysis presented here is a more general technique that can be applied if the axes of vibration are not known and if multiple sources contribute to
an excitation pattern. It is somewhat more elaborate than the estimates just discussed, but it eﬀectively produces a complete 2-D image of the sources present in the
space around a lateral line. The ratio of the reconstructions based on the even and
odd mother wavelets may give the angle of vibration, ϕ. However, it is not known
whether neural stages of lateral line signal processing exist in which correlates of
the scaled convolution-like algorithm (Eq. 5.5) are performed. Convolution-like
processing or the cross-correlating of signals has been incorporated in models of
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direction detection by the superﬁcial lateral line system (Franosch et al. 2003) and,
in combination with neural delay lines, in models of directional hearing (Knudsen
et al. 1987).
A general statement that can be made on the basis of the CWT reconstruction
is that a ﬁsh, by observing a one-dimensional pressure gradient pattern along its
lateral line, in principle has the information necessary to determine the position of
sources and their axes of vibration in a 2-D plane through the lateral line canal.
This extension from one to two dimensions is made fundamentally possible by the
restrictions of the hydrodynamic ﬁeld having properties of (potential) ﬂow. This
gives rise to the linear relationship between the source distance and the spatial
scaling factor d. A combination of diﬀerently oriented lateral lines, which are found
in particular on the head (Coombs et al. 1988; Webb 1989), will therefore allow for
another dimensional extension, resulting in an eﬀective local 3-D reconstruction of
source locations.

5.4.4

Accuracy and operational range of source position detection

It is possible to derive an interesting upper limit on the operational range within
which the parameter d, and therefore the distance of a source, can be decoded, when
the coding relies on the detection of phase reversal in the excitation patterns. It
has been suggested (Coombs et al. 1996) that the lateral line system, with its two
morphological populations of directionally sensitive hair cells, is ideally equipped
for such a task. The largest distance between two phase reversals in an array of
lateral line detectors is limited to its overall
length L and imposes a maximum on
√
the operational detection range of L/ 2 for parallel vibrations (Eq. 5.3a). Our
measurements were done on the cephalic lateral line where the lengths of the canal
are shorter than those along the trunk. We can however expect the detection range
of the trunk canal to be the maximum that a ﬁsh may obtain using the lateral
line system, making the overall maximum detection range comparable to a ﬁsh’
body length. It has indeed been reported that the operational range of distance
detection is of the order of a body length (Denton and Gray 1983; Kalmijn 1988;
Coombs and Conley 1997a; see also Coombs and Montgomery 1999), in line with
the above notion, although experimental data on operational range across ﬁsh with
diﬀerent lengths are scarce. The operational range cannot solely depend on the ﬁsh
length since the ﬂuid acceleration to be detected by the neuromasts needs to reach
a threshold value of the order of 1 mm/s2 (ruﬀe), which is equivalent to pressure
gradients of the order of mPa/mm (e.g. van Netten 2006). In addition to the
vibration amplitude and frequency, the dimensions of the source in relation to its
distance from the lateral line thus determine whether a suﬃcient signal-to-noise
ratio is achieved in an array of neuromasts along a lateral line canal in order to
allow a reliable reconstruction of the source’s position (Eq. 5.2b).
So far, only continuous pressure gradient proﬁles have been considered. In the
73

5.4 Discussion
lateral line canal pressure gradient proﬁles are sampled at the discrete positions
where neuromasts are present. The related sampling distance, or inter-neuromast
distance, D n , thus imposes limits on the accuracy with which the position of a
source can be detected. The spatial frequencies of the dipole wavelets scale inversely with the distance of the source to the lateral line, d. Taking 2/d as the
spatial frequency bandwidth of a wavelet produced by a source at a distance d,
a range in which most of its energy appears to be contained, Nyquist’s criterium
requires a sampling distance of d/2 or less to reliably detect the spatial characteristics of this wavelet. This means that a source, to be correctly detected, should
not be closer than approximately twice the inter-neuromast distance D n . Relative
short stretches of lateral line canals in diﬀerent orientations found on the head are
therefore expected to enable mapping of a 3-D space limited to the region close to
the head and mouth, and with a resolution determined by the neuromast density.
The present analysis has been based on the detection of pressure gradients along
linear arrays. Lateral line arrays usually have some curvature, depending on their
location. For the trunk lateral line this is most likely causing only small deviations,
but shorter lateral line canal arrays, such as those on the animal’s head usually
have more curvature, which will likely aﬀect the accuracy of the results of a CWTanalysis, as presented. Nevertheless, the strongest variations in pressure gradients
will occur at the neuromasts along the lateral line closest to the source, which in a
CWT-like analysis provide the dominant information on the source position along
the array.
In conclusion, dipole sources vibrating with suﬃcient amplitude can be detected
if their distance, d lies within a range having a lower limit determined by twice the
inter-neuromast distance and an upper limit of the order of the length of the lateral
line canal array, L (2Dn < d < √L2 ).
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Summary
The object of investigation in this thesis is the ﬁsh canal lateral line organ (CLLO).
The canal lateral line organ is distributed on the head (cephalic lateral line) and
laterally along the body of the ﬁsh (trunk lateral line). The function of the CLLO
is to detect water vibrations produced in the immediate surroundings of the ﬁsh
by other swimming objects such as prey, a mate or a school of the same species.
The main topic of this thesis focuses on: a) the temporal characteristics of the
functioning of the CLLO, such as time delay and time resolution of detection by
the CLLO; b) the spatial characteristics of the functioning of the CLLO, such as
cues for discerning the position of an object (localisation) and the spatial resolution
of detection by the CLLO.
The canal lateral line organ in ruﬀe is a narrow canal below the skin or the
scales of the ﬁsh. The sensory units of lateral line organs are neuromasts, groups
of mechano-sensory hair cells. In the ruﬀe (Gymnocephalus cernuus), the subject
of experimental investigation in this thesis, neuromasts in the supra-orbital canal
were investigated (Ø < 1 mm). The neuromasts in the cephalic CLLO were chosen
due to their substantial size (Ø ∼ 500 µm) and large number of hair cells (∼ 2000).
Neuromasts possess a gelatinous cupula which slides over the hair cells and reﬂects
their mechanical properties. The canal has pores between subsequent neuromasts,
enabling the exchange of ﬂuid with the surroundings of the ﬁsh.
Chapter 2 describes the setup and function of a Laser Interferometer Microscope (LIM) used as a displacement detection apparatus in the measurements described in Chapters 3 and 4. The LIM is based on the standard technique of laser
interferometry and adapted to the particular purpose of measuring nanometer-scale
displacements along the optical axis as well as at right angles to it. The LIM can
be used in two modes: the referential and the diﬀerential. The diﬀerential mode
is suited to measurements of the velocities or displacements of an object vibrating
in the horizontal plane. Two laser beams with parallel optical polarisation and a
frequency shift of 400 kHz are directed such that they interfere on the object of
which the motion is to be measured. The interference beam reﬂected by the object
is imaged onto a photo-multiplier, from which the electrical signal is both frequencyand phase-demodulated, enabling simultaneous measurements of the velocity and
displacement of the object. The referential mode is suited to measurements of the
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displacements and velocities of an object vibrating along the optical axis. In this
mode only one laser beam is reﬂected from the object, while the second beam, the
reference beam, also with a frequency shift of 400 kHz travels directly through the
microscope. The reﬂected and referential beams interfere on the photo-multiplier.
The output of the demodulator simultaneously gives the displacement and velocity
of the measured object vibrating in the vertical plane. The LIM used in our experiments enabled the measurement of displacement with an accuracy as small as 1.5
nm and velocity with an accuracy of approximately 0.6 µm/s (signal-to-noise = 1).
The temporal characteristics of the lateral line are investigated in Chapters 3
and 4. Impulse responses of the cupula in the cephalic CLLO were measured and
investigated for the ﬁrst time ( Chapter 3). In general, the canal ﬂuid dynamics
combined with the cupular dynamics impose the condition that the outside water
acceleration is proportional to the displacement of the cupula. However, when the
canal is exposed by removing the skin above the cupula being measured, and when a
small vibrating stimulus sphere is placed in the canal in front of the cupula, then the
cupular displacement is proportional to the velocity of the water surrounding the
cupula. Therefore, a stimulus consisting of a step-displacement of the sphere was
used, causing a step-displacement of the ﬂuid surrounding the cupula and hence
an impulse velocity. The displacement responses of the cupula to such stimuli
are thus velocity impulse responses, revealing information about the time delay
and the temporal resolution of the neuromasts. The displacements of the cupula
were measured using the LIM in its diﬀerential mode. The impulse responses of
the cupula resembled damped oscillations of which the initial phase follows the
displacement of the ﬂuid ﬂowing past it. The time delay of such a response was
within the accuracy of the time measurement (< 0.1 ms). The inertial ﬂuid forces,
which are associated with the high frequency content of a step, are shown to cause
a cupula to instantaneously respond to the ﬂuid step displacement without delay
and with the same displacement as the local ﬂuid. The cupula oscillated with a
resonance frequency calculated to be fr = 121 ± 56 Hz and with a quality factor
Q = 1.8 ± 0.5. These values were in good agreement with those obtained using the
control technique of sinusoidal stimuli combined with modelling of the data, where
the resonance frequency and quality factor of the same cupula were estimated to be
fr = 128 ± 60 Hz and Q = 1.7 ± 0.3, respectively. The relaxation time-constant of
the impulse responses was determined to be τ = 4.4 ± 2.7 ms, reﬂecting the time
that a cupula needs to recover to its equilibrium position after a displacement step.
The main conclusion of this chapter is that the hydrodynamics of the peripheral
lateral line organ does not impose a limit on the time resolution of detection by the
cupula at the onset of a step displacement of the water.
The temporal characteristics of the cupular dynamics are further investigated
in Chapter 4. The inﬂuence of the mechano-transduction of the underlying hair
cells to the timing of the impulse responses was studied by measuring the impulse
responses of the cupula to ﬂuid displacement steps with increasing magnitude. The
displacement of the cupula is transferred into a deﬂection of the hair bundles, which
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are the sensory organelles of the hair cells. Their deﬂection causes opening of
mechano-electrical transducer channels, which inﬂuence the overall stiﬀness of the
hair bundle by decreasing it while the channels are opening. Previous investigations
of the cupular displacement induced by a series of sinusoidal ﬂuid displacements
revealed that the nonlinear mechanics of the cupula causes a shift in resonance
frequency. Our measurements were in a good agreement with those studies, with
an overall frequency shift of 12 ± 6 Hz over the whole range of stimulus magnitudes.
Furthermore, we examined the extent of the inﬂuence of the non-linearities on the
timing characteristics of the cupula. The period of the damped oscillation changes
with increasing magnitude of the stimulus such that it ﬁrst increases (when the
amplitude of the cupular displacement falls in the operational range of the mechanotransducer channels) and then decreases again. The total change in the period of
oscillation is of the order of 1 ms for a period that was originally ≈ 8 ms. This change
in period is small when compared to the relaxation time of the cupula, estimated
earlier to be approximately 5 ms. The variation in the resonant frequency of the
cupula imposed by the non-linearities is small compared to the variation in the
resonant frequency of the cupula among diﬀerent ﬁsh (60 Hz). Thus, the main
conclusion is that the cupular non-linearities do not impose signiﬁcant constraints
on the temporal resolution of lateral line detection.
Spatial characteristics of the CLLO are examined in Chapter 5. Previous studies showed that information on the distance of a vibrating source is represented in
the overall pressure gradient (the so-called excitation pattern) which is detected by
an array of neuromasts in the lateral line canal. However, a precise description,
together with a quantitative interpretation of such patterns that allows a reconstruction of the location and vibration direction of the source, has not been given
so far. In order to quantitatively interpret these excitation patterns along a lateral line array in terms of the position and direction of vibration of a source, we
measured the extracellular receptor potentials (ERPs) for a single neuromast that
were induced by a dipole source of which the position was changed in the horizontal
plane. It is shown in Chapter 5 that the excitation patterns have characteristic
shapes that are linearly scaled by a distance parameter d, which is equal to the
shortest distance between the source and the lateral line. As a result, the excitation
patterns can be described by a family of wavelet functions with the scale factor, d,
together with a shift factor, b, which is the position of the source along the lateral
line. The wavelet transform of a 1-D excitation pattern is shown to reconstruct a
2-D map of the dipole source. Several algorithms are discussed that could potentially be used by a ﬁsh to decode lateral line excitation patterns in order to localise
a source and its axis of vibration. The related accuracy and the operational range
of the source position detection of this decoding were determined. The length of
the lateral line array, L, which is obviously limited by the
√ body length of the ﬁsh,
imposes an upper bound on the detection range of L/ 2 . The accuracy of the
source location detection is limited by the inter-neuromast distance Dn . Therefore,
the lower limit of the source detection distance is ﬁxed at 2Dn .
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Samenvatting
Het onderwerp van het onderzoek beschreven in dit proefschrift betreft het zijlijnkanaalorgaan (CLLO). Dit orgaan is verspreid over de kop en de ﬂank van vissen.
De functie van het zijlijnkanaalorgaan bestaat uit het detecteren van watertrillingen dichtbij de vis, die worden veroorzaakt door andere zwemmende dieren zoals
b.v. een prooi, een sexuele partner of een school vissen. Het belangrijkste onderwerp in dit proefschrift focusseert zich op a) de temporele eigenschappen van het
CLLO, zoals tijdsvertraging en resolutie van detectie door het CLLO; b) de spatiële
eigenschappen van het CLLO, zoals de informatie nodig voor positiebepaling van
objecten (localisatie) en de spatiële resolutie van detectie door het CLLO.
Het zijlijnkanaalorgaan van de pos (Gymnocephalus cernuus) bevindt zich in
een kanaal onder de huid en schubben van de vis. De functionele sensorische units
van het zijlijnorgaan bestaan uit neuromasten, die zijn opgebouwd uit groepen
mechanisch-gevoelige haarcellen. In dit promotieproject zijn de neuromasten in
het supraorbitale kanaal (Ø < 1 mm) van de pos onderzocht. De keuze voor de
neuromasten in dit cephalo- zijlijnkanaalorgaan is gebaseerd op hun relatief grote
afmetingen (Ø ∼ 500 µm) met navenant groot aantal haarcellen (Ø < 1 mm). Neuromasten bestaan uit een cupula die de haarcellen bedekt en mechanisch aandrijft
en daarmee ook de mechanische eigenschappen weerspiegelt van de mechanisch verbonden haarcellen. De vloeistof in het kanaal wordt aangedreven door het water
rondom de vis via verbindingen in het kanaal.
Hoofdstuk 2 beschrijft de experimentele proefopstelling en de werking van het
Laser Interferometer Microscoop (LIM), dat gebruikt is als verplaatsingsdetector
voor de metingen beschreven in de hoofdstukken 3 en 4. De LIM is gebaseerd
op standaardtechnieken gebruikt in laser-interferometrie, maar is aangepast aan de
speciﬁeke eisen gesteld aan de verplaatsingsmetingen op nanometer-schaal, welke
zijn uitgevoerd langs zowel de optische as als loodrecht daarop. De LIM kan namelijk
worden gebruikt op twee verschillende manieren: de referentie-mode en de diﬀerentiële mode. De diﬀerentiële mode is geschikt voor het meten van snelheden of
verplaatsingen van een object dat trilt in een vlak loodrecht op de optische as. In
dat geval worden twee laserbundels met gelijke lineaire polarisatie en een optisch
frequentieverschil van 400 kHz zo gericht dat ze in hun snijpunt op het te bemeten
object interfereren. Het punt van interferentie wordt vervolgens afgebeeld op een
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fotomultiplier, waarvan de uitgang dan een signaal oplevert dat zowel frequentie- als
fasegedemoduleerd kan worden zodat tegelijkertijd de snelheid en verplaatsing van
het object kan worden gedetecteerd. De referentiemode is geschikt voor de meting
van snelheid en de verplaatsing van een object dat trilt in een richting langs de optische as. Bij deze methode wordt slechts één laserbundel op het te bemeten object
gericht, de tweede bundel, de referentiebundel, die daarmee een frequentieverschil
van 400 kHz heft wordt direct op de fotomultiplier afgebeeld. De gereﬂecteerde en
referentie-bundel interfereren dan op de fotomultiplier. In dit geval geven de uitgangen van de demodulator siganeen die evenredig zijn zowel met de snelheid als met de
verplaatsing van het object in de richting parallel aan de optische as. De LIM zoals
gebruikt in de beschreven experimenten heeft een verplaatsingsnauwkeurigheid van
ongeveer 1.5 nm en een snelheidsnauwkeurigheid van ongeveer 0.6 µm/s (bij een
signaal-ruisverhouding van 1).
De temporele eigenschappen van het zijlijnorgaan zijn beschreven in de Hoofdstukken 3 en 4. Impuls-responsies van de cupula in het cephalo-zijlijnkanaalorgaan
zijn voor de eerste keer onderzocht en bemeten zoals beschreven in Hoofdstuk 3.
In het algemeen leidt de werking van de kanaalvloeistofhydrodynamica in combinatie met de cupulaire dynamica tot een cupulaverplaatsing die evenredig is met de
versnelling van het omringende water. Wanneer het kanaal is opengemaakt door de
huid boven de te bemeten cupula te verwijderen en de stimulusbol naast de cupula
in het kanaal is geplaatst, blijkt dat de cupula beweegt evenredig met de snelheid
van het water rond de cupula. Een mechanische stimulus bestaande uit een stapverplaatsing van de bol leidt tot een stapverplaatsing van de vloeistof rond de cupula,
wat overeenkomt met een vloeistofsnelheidsimpuls. De verplaatsingsresponsies van
de cupula op dergelijke stimuli worden daarom aangeduid als impulsresponsies. Ze
geven informatie over de tijdsvertraging en tijdsresolutie van een neuromast. De
verplaatsingen van de cupula werden in dit geval gemeten in de diﬀerentiële mode
van de LIM. De impulsresponsies van de cupula hebben de eigenschappen als die van
een gedempte oscillator waarbij de beginfase van de response de verplaatsing van de
omringende vloeistof direct volgt. De experimenteel bepaalde tijdsvertraging van
deze fase was korter dan het oplossend vermogen van de meetmethode (< 0.1 ms).
De inertiële vloeistofkrachten, die samenhangen met de hoge frequentieinhoud van
een stap blijken verantwoordelijk te zijn voor deze instantane cupulaverplaatsing die
dezelfde grootte aheeft ls de vloeistofverplaatsing. De cupula resoneert gemiddeld
op een frequentie van ongeveer f r =121 ± 56 Hz en met een kwaliteitsfactor Q = 1.8
± 0.5. Deze waarden zijn in goede oveenstemming met die gevonden met een controlemethode waarbij puur harmonische stimuli werden gebruikt in combinatie met
het modelleren van de resulaten. Hierbij werd een gemiddelde resonantiefrequentie
f r = 128 ± 60 Hz en kwaliteitsfactor Q = 1.7 ± 0.3 van dezelfde cupulae geschat.
De relaxatietijdconstante, de tijd voor een cupula om weer terug te komen in de
evenwichtstoestand na een verplaatsingsstap, werd bepaald op 4.4 ± 2.7 ms. De
hoofdconclusie van dit hoofdstuk is dat de hydrodynamica van het perifere zijlijnorgaan geen beperkingen oplegt aan de tijdsresolutie en geen vertraging veroorzaakt
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bij de beginfase waarmee een stapverplaatsing van het omringende water kan worden gedetecteerd.
De temporele eigenschappen van de cupulaire dynamica zijn verder onderzocht in
Hoofdstuk 4. De invloed van de mechano-elektrische transductie van de haarcellen
op de timing van de impulsresponsies werd bestudeerd door de responsies van de
cupula te meten op een serie vloeistofsverplaatsingsstappen met toenemende magnitude. De verplaatsing van de cupula wordt overgebracht op de haarbundels van de
zintuighaarcellen. Buiging van deze sensorische organellen van de haarcel veroorzaakt het open- en dichtgaan van de mechano-elektrische transductiekanalen van de
haarcellen, die daarmee ook de mechanische stijfheid van de haarbundels veranderen. Eerder onderzoek aan cupulaire verplaatsing, waarbij series van oplopende
harmonische vloeistofverplaatsingen als stimulus werden gebruikt, hebben aan het
licht gebracht dat de niet-lineaire mechanica van de cupula een niveau-afhankelijke
verschuiving van de resonantiefrequentie veroorzaakt. De huidige metingen waren
daarmee in goede overeenstemming met een totale frequentieverschuiving van 12 ±
6 Hz, over het hele bereik van de stimulus-magnitudi. Verder is gedetailleerd de
mate van beı̈nvloeding door de niet-lineariteiten op de timing-eigenschappen van het
zijlijnorgaan onderzocht. De periode van de gedempte trillingen verandert binnen
het fysiologisch bereik van de transductiekanalen met het toenemen van de stimulusmagnitude zodanig dat de periode eerst toeneemt en daarna weer afneemt. De
totaal waargenomen verandering in de periode bedraagt ca. 1 ms bij een gemiddelde
originele waarde van 8 ms. Deze verandering is relatief gering wanneer deze wordt
vergeleken met de relaxatietijdsconstante van de cupula die eerder was geschat op
ca. 4.5 ms. De variatie in de resonantiefrequentie van de cupula, veroorzaakt door
de niet-lineariteiten, is dus klein in vergelijking met de natuurlijke variaties die kunnen optreden tussen vissen (ca. 60 Hz). Een belangrijke conclusie is daarom dat
de niet-lineariteiten van het gating-mechanisme van de kanalen geen beperkingen
oplegt aan de tijdsresolutie van detectie door het zijlijnorgaan.
De spatiële eigenschappen van het CLLO zijn onderzocht in Hoofdstuk 5. Uit
eerder onderzoek was al bekend dat de informatie over de afstand van een trillende
bron gerepresenteerd is in de drukgradient (excitatiepatroon), zoals die door een
array van neuromasten in het zijlijnkanaal wordt gedetecteerd. Een gedetailleerdeen kwantitatieve beschrijving van deze excitatiepatronen, die een reconstructie van
de bronlocatie mogelijk maakt, ontbrak echter vooralsnog. Om deze patronen langs
een zijlijnkanaal kwantitatief te interpreteren, zodat een bronbepaling m.b.t. afstand en richting mogelijk is, zijn extracellulaire potentialen van een neuromast
gemeten, waarbij de bronpositie langs het zijlijnkanaal experimenteel is gevarieerd.
In Hoofdstuk 5 wordt aangetoond dat deze excitatiepatronen een karakteristieke
vorm hebben, die in de kanaalrichting lineair schalen met de korste afstand, d,
van zijlijnkanaal tot bron. De consequentie hiervan is dat de excitatiepatronen
kunnen worden beschreven met een familie wavelet functies, met schaalfactor, d,
samen met een verschuivingsfactor, b, die samenhangt met de positie van de bron
langs het zijlijnkanaal. Op grond hiervan kan worden aangetoond dat de wavelet89

transformatie van het 1-D excitatiepatroon een 2-D reconstructie geeft van de positie en richting van de bron in een vlak door het zijlijnkanaal. Ook worden andere
mogelijke algorithmen besproken die mogelijkerwijs kunnen worden gebruikt om
plaats en trillingsrichting van een dipoolbron te decoderen uit het excitatiepatroon.
De nauwkeurigheid waarmee de bronbepaling kan worden uitgevoerd en de reikwijdte waarbinnen dit mogelijk is werden ook bepaald.
√ Het blijkt dat de lengte (L)
van een vis een limiet stelt aan de reikwijdte ( L/ 2 ) van de bronbepaling. De
nauwkeurigheid in de bepaling van de bronafstand wordt beperkt door de onderlinge
neuromastafstand, D n , en wordt gegeven door 2D n .
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