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Mechano-detection 
Mechanosensory systems enable an organism to perceive mechanical signals from
its environment. These systems are optimised for the specific physical properties of
the medium surrounding the organism, as well as to the frequency and amplitude
ranges of the type of mechanical signal relevant to the organism.

The basis of these mechanosensory systems is formed by a highly specialised
sensory cell, the mechanosensory hair cell. It serves as the primary mechano-
electrical transducer in several mechanosensory systems found throughout the
vertebrate kingdom, like the ear (hearing), the vestibular system (linear and angular
acceleration detection) and the fish lateral line system (detection of water motion).
The mechanical signals detected by these sensory cells are converted into a graded
receptor potential, which controls the release of neurotransmitter substance at the
neural innervated sites on the basolateral membrane of the hair cell. From here the
information about the mechanical signal is coded in action potentials and conveyed
to processing areas in the central nervous system.

The mechanosensory hair cell
The mechanosensory hair cell is an epithelial cell, derived from the embryonic
ectoderm, and is morphologically characterised by the hair bundle that extrudes
from its apical side. The bundle consists of actin-filled (Flock and Cheung, 1977;
Tilney et al., 1980) villi, called stereocilia, and are graded in height giving the hair
bundle a staircase-like appearance. At the side of the tallest stereocilia resides a
true cilium, called the kinocilium. If the bundle is mechanically displaced, it moves
as a whole due to numerous interconnections between the stereocilia (Pickles et al.,
1984; Neugebauer and Thurm, 1985). The tapering of the stereocilia’s stiff actin
core near the insertion in the apical plate causes the stereocilia to pivot around their
base, giving rise to a relative shearing motion between neighbouring stereocilia.
One type of stereociliar interconnection, called the tip link (Pickles et al., 1984),
extends from the tip of a stereocilium to its neighbouring higher stereocilium and is
thought to be stretched by this shearing motion. This tip link is assumed to be
connected to a mechanically-gated channel (Howard and Hudspeth, 1988).
Displacement of the bundle towards the highest stereocilia, the excitatory direction
(Fig. 1), therefore favours the open conformation of the transducer channels
whereas a displacement in the opposite direction favours the closure of the
channels (Corey and Hudspeth, 1983). The influx of cations caused by the opening
of the transducer channels leads to a membrane depolarisation, which subsequently
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opens voltage-gated Ca2+ channels at the basolateral side of the hair cell. The result
of the basolateral Ca2+ influx is twofold. On the one hand the Ca2+ causes fusion of
vesicles with the membrane, thereby releasing neurotransmitter leading to an
excitatory post-synaptic response. On the other hand it triggers the opening of
Ca2+-dependent K+ channels producing an outward K+ current, which repolarises
the cell membrane.

The mechano-electrical transducer channel
Up to now the protein sequence of the transducer channel has not been elucidated.
One of the difficulties is its limited expression level of only several tens of
channels per hair cell and the limited time window during which it is expressed. A
second complication is that the channel operates in a molecular complex consisting
of the channel and a gating spring and several more components necessary for
anchoring these elements, making it difficult to express and functionally
characterise it in a heterologous expression system. Thus far several gene alleles
have been identified to be related to mechanotransduction in humans, mice and
zebrafish (Nicolson et al., 1998; Sidi et al., 2003; Steel and Kros, 2001; Gillespie
and Walker, 2001) and also non-vertebrates such as Caenorhabditis elegans
(Ernstrom and Chalfie, 2002; Hill and Gillespie, 2003) and Drosophila
melanogaster (Walker, 1967; Kim et al., 2003). Just recently the TRPA1 channel

K+

Ca2+

K Ca2+

ExcitationInhibition

Figure 1: A schematic representation
of a mechanosensory hair cell. A hair
bundle represented by three stereocilia
protrudes from the apical side of the cell
body. Deflection of the bundle in the
excitatory direction stretches the tip link
connections between the tips of
neighbouring stereocilia, favouring the
open state of the transducer channel and
allowing the influx of cations. The
subsequent membrane depolarisation
leads to opening of voltage-gated
calcium channels in the basolateral
membrane. The influx of Ca2+ triggers
the fusion of vesicles causing the
release of neurotransmitter substance at
the site of neural innervation by an
afferent nerve. The Ca2+ also facilitates
the opening of Ca2+-dependent potas-
sium channels causing repolarisation of
the membrane potential.
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has been shown to be a likely candidate for the mechanosensative transducer
channel (Corey, 2004).

Although the amino acid sequence of the transducer channel is not known,
functional aspects of the transducer channel have been studied in detail in acutely
prepared hair cells and mechanosensory structures (Jaramillo and Hudspeth, 1991;
Denk et al., 1995). The extremely fast activation of the mechano-electrical
transducer channel, with an experimentally determined activation time constant in
the order of less than tens of microseconds, suggests that the channels are
instantaneously opened via an elastic coupling to the gate of the mechanical forces
resulting from the hair bundle deflection (Corey and Hudspeth, 1979). The location
of the transducer channel in the tips of the stereocilia (Hudspeth, 1982) makes the
tip link (Pickles et al., 1984) the most likely candidate to transfer the bundle
motion to the transducer channel. When opened the transducer channel is permeant
to cations with a high permeability for Ca2+ (Jorgensen and Kroese, 1995; Lumpkin
et al., 1997). Even at the low concentration of extracellular Ca2+ found in the
cochlea (Bosher and Warren, 1978) a substantial part of the current is carried by
Ca2+ ions. Besides its role in the depolarisation of the membrane, Ca2+ plays an
important role in the adaptation of transducer current (Eatock et al., 1987; Assad et
al., 1989), a process which continuously resets the operational point of the
transducer channel. Experimentally, adaptation is often shown as a decrease in the
transducer conductance during a static hair bundle deflection (see Fig. 2). The time
course of adaptation has been shown to be altered by changing the extracellular
Ca2+ concentration or the intracellular application of Ca2+ chelators (Ricci et al.,
1998). Also keeping the membrane potential positive to the reversal potential of the
transducer current, effectively causing an efflux of calcium instead of an influx,
abolishes adaptation (Crawford et al., 1989), suggesting an intracellular site of
action. Two underlying mechanisms driving the transducer current adaptation are
thought to co-exist in the hair cell (Wu et al., 1999; Holt and Corey, 2000). Firstly
a fast adaptation process, with a time constant in the order of 1 ms, which is related
to a decrease in the open probability of the transducer channel upon binding of Ca2+

(Kennedy et al., 2003). Secondly, a myosin adaptation motor running along the
stereocilia actin core is thought to tension the gating spring (Howard and Hudspeth,
1987; Yamoah and Gillespie, 1996; Hacohen et al., 1989; Assad and Corey, 1992).
This process is slower with a time constant in the order of tens of ms. Recently the
most likely candidate for this adaptation motor has been shown to be Myosin-IC
(Holt et al., 2002), but other myosins, like Myosin-VIIA (Kros et al., 2002) might
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play a role in pre-tensioning the transducer channel gating spring complex.
Additional evidence for a direct mechanical coupling between bundle

displacement and opening of the transducer channel is the existence of gating
compliance. When the bundle is deflected in the excitatory direction, the opening
of transducer channels causes a decrease in the tension of the actuating gating
springs. In hair cells in which the stiffness of the gating springs determine a
considerable part of the total hair bundle stiffness, like in the hair bundles of the
sacculus (Howard and Hudspeth, 1988) or the fish lateral line (van Netten, 1997),
the gating compliance causes a detectable decrease in the total bundle stiffness. In
bundles with a high passive stiffness, like for instance outer hair cells, it is less
apparent (van Netten and Kros, 2000). The gating compliance obviously is
maximal when half the channels is open, and in extreme cases might cause the total
hair bundle stiffness to become negative (Martin et al., 2000).

A second non-linearity in the hair bundle mechanics, related to the channel
gating-spring complex, occurs when it is pushed in the inhibitory direction.
Tension in the gating spring reduces so that the probability for the channels to close
increases. At some point the gating spring becomes slack, loosing its direct
interaction with the channel just leaving the bundle with its passive stiffness. It has
therefore been suggested that gating string is a more appropriate term for an
element that becomes slack, since a spring can also exert compression forces on the
channel (van Netten and Kros, 2000). Also recent structural analysis of the tip link

Figure 2: Transducer current of a
neonatal mouse outer hair cell.
Transducer current responses elicited by
step-like displacements of the hair bundle
brought about by a fluid jet stimulus. The
driver voltage applied to the fluid jet-
producing device is shown on top of the
traces with upward steps corresponding
with a deflection of the hair bundle in the
negative direction. The deflections in the
negative direction close the channels that
are open in the bundles resting position.
Deflections in the positive direction induce
a fast activation (time to peak ~ 0.3 ms) of
the transducer current followed by partial
adaptation. The adaptation shows a fast
component with a decay time constant of
1.4 ms and a slow component with a time
constant of 30 ms. 20 ms

150 pA
 

 

Driver voltage
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supports the idea of a string rather than a spring showing that it is either a helical
polymer or a braided pair of filamentous macromolecules and thus likely to be
inextensible (Kachar et al., 2000) Deflections more negative than the engaging
position of the gating spring do not alter the open probability of the channel.
Unlike the membrane potential in voltage-gated ion channels, which always exerts
a force on the channel’s gating charge, the gating spring only exerts a force when
engaged to the channel. In the case of a voltage-gated channel the open probability
will thus become infinitely small with increasing hyperpolarisation due to the
increasing force on the gating charge, whereas the transducer channel has a finite
minimum open probability of about 1% (van Netten and Kros, 2000).

The mechanosensory lateral line system
Physical properties of water, as well as particles floating in the water, limit the
penetration depth of light. Eyesight is therefore of limited use to aquatic animals.
As an alternative sensory system, fish and amphibians make use of a highly
specialised mechanoreceptive organ called the mechanosensory lateral line system.
The function of the lateral line system as a mechanosensory system was first
acknowledged by Jakobson in 1813 (Walker, 1967) who suspected it to be a system
for touch. Hofer, in 1908, for the first time, demonstrated that the lateral line
system detects local water motion (Dijkgraaf, 1963). Dijkgraaf termed this function
”Ferntastsinn”, which means as much as ”touch at distance”. The lateral line
system is related to several functions, such as the detection of prey (Bleckmann,
1980; Janssen et al., 1994; Dijkgraaf, 1963; Enger et al., 1989; Montgomery and
MacDonald, 1987) and stationary objects (Weissert and von Campenhausen, 1981;
von Campenhausen et al., 1981; Hassan et al., 1992) as well as rheotaxis
(orientaion with respect to water current; Montgomery et al., 1997) and schooling
(Pitcher et al., 1976; Partridge and Pitcher, 1980; for review: Bleckmann, 1993).

The mechanosensory lateral line system consists of multiple small detection
units, called neuromasts, which are distributed on the head and along the mid-body
line, the latter giving name to the sensory system. Each neuromast consists of a
sensory epithelium, the macula, surrounded by mantle cells and an overlying
accessory structure, the cupula. The macula contains supporting cells and
mechanosensory hair cells, which on their apical side contain several rows of
stereocilia organised in a hexagonal array. Also in these hair cells the stereocilia
are graded in height forming a staircase-like bundle with a long kinocilium at the
side of the tallest stereocilium. The hair bundle and kinocilium penetrate the cupula
(Flock, 1967) so that the hair bundles within a neuromast are mechanically
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coupled. Displacements of the cupula are passed on to the hair bundle, leading to a
change in open probability of the transducer channel. 

Due to their superficial location, neuromasts can be used to study
mechanophysiology in vivo. Making use of the mechanical coupling of hundreds to
thousands of hair bundles by one cupula, non-linearities in hair bundle stiffness due
to gating of the transducer channel, have previously been investigated in
neuromasts form the ruffe (Gymnocephalus cernuus) (van Netten and Khanna,
1994; van Netten, 1997). 

Two types of neuromasts exist. One type, the so-called canal neuromast (CN),
resides in canals underneath the skin or in the scales. The other type has a cupula
penetrating into the water surrounding the fish and is called superficial neuromast
(SN). Neuromasts in both systems differ in morphology (Coombs et al., 1987;
Janssen et al., 1987; Münz, 1989) and function. Cupulae of CNs are usually dome-
shaped and mechanically couple large numbers (up to thousands) of hair cells. The
hydrodynamics of these cupulae have been studied in detail, showing that the
stiffness coupling of the cupula to the underlying epithelium can largely be
attributed to the stiffness of the hair bundles (van Netten, 1991). The cupular-
displacement frequency response of a canal neuromast is flat as a function of the
frequency of the fluid velocity over a limited range of frequencies in which the
cupula is driven by viscous forces. At higher frequencies inertial forces take over
and the displacement decreases at 20 dB/dec as a function of frequency of fluid
velocity. The mechanical cut-off frequency of CNs is in the range of one hundred
to a few hundred Hertz depending on the species (Wiersinga-Post, 1997). SNs
usually have more pillar-shaped cupulae with smaller amounts of hair cells and
detect frequencies in the range of 10-70 Hz (Kroese et al., 1980; Coombs and
Montgomery, 1994; Kroese and Schellart, 1992). In SNs most of the cupular
response characteristics have been obtained via electrophysiological measurements.
Direct measurements of the cupular displacement response need to be done to get
more insight in the relevant mechanical input for this mechanosenory system.

Outline of the thesis
Chapter 2 addresses the development of techniques and methods that are used to
mechanically stimulate mechanosensory structures with high precision. It describes
a fluid jet-producing device consisting of a pressurised fluid-filled container
combined with a glass pipette having a microscopically sized tip acting as an
orifice. Using a simple mechanical model describing experimental data the key
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elements of the device are explored showing that the tip resistance is the prime
parameter influencing the output response. In addition a calibration method is
presented, which allows for the determination of the fluid jet’s frequency
dependent characteristics, which can subsequently be used to correct the measured
frequency responses of mechanosensory structures.

In Chapter 3 the stimulus device and correction procedure described in
chapter 2 are used to obtain high-resolution measurements of the hydrodynamic
behaviour of superficial neuromast cupulae in zebrafish (Danio rerio) larvae. The
fluid jet stimulus is used to vibrate the cupula within a range of frequencies while a
laser interferometer is used to measure the resulting displacements with sub-
micrometer accuracy. This way frequency responses of the cupula have been
obtained. A model previously used to describe the hydrodynamic behaviour of
canal neuromasts, fails to provide an accurate description of the superficial
neuromast frequency responses. Because of the limited height (~45 µm) with
which these cupulae protrude in the surrounding water, they are mainly located
within the boundary layer of the skin under the stimulus conditions used. The
existing cupula model was therefore extended with frequency-dependent boundary
layer properties and compared to the measured data. Further, the detection
properties of the superficial neuromasts including the boundary layer effects are
compared to canal neuromasts in terms of sensitivity and signal-to-noise ratio.

Chapter 4 focuses on the main outward potassium current found in the
basolateral membrane of outer hair cells in neonatal mice. This current, called
IK,neo, is expressed in both inner and outer hair cells predominantly in the period
before the onset of hearing. Detailed measurements on activation and inactivation
properties of this current have been performed. The data obtained suggest that two
channels underlie this current both with an approximately equal current density but
markedly different inactivation kinetics.

In Chapter 5 the signal processing performance of the mechanotransducer
channel is investigated by estimating the signal-to-noise ratio of outer hair cell
transducer channels.

In Chapter 6 signal processing properties are taken a step further by
applying information and estimation theory on measured characteristics of the
transducer channel. Instead of determining the current response to a certain bundle
deflection, we reversed the point of view and tried to define what the optimal
accuracy is with which the bundle deflection can be estimated based on the
transducer current through a single transducer channel. Besides the channel noise,
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also the noise produced by the gating spring is taken into account. The optimal
accuracy in estimating the hair bundle’s position is found to be 47 nm per channel
within the 5 kHz bandwidth over which was measured. A surprising finding,
bearing in mind that at the threshold of hearing the estimated hair bundle
displacement ranges from a fractions of a nanometer up to a few nanometer.
Possible explanations as to how the hearing organ can reach its exquisite
displacement sensitivity even though its individual detection instruments are poorer
estimators are discussed.
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ABSTRACT
When studying the micromechanical behaviour of such structures
such as cupulae in the lateral line system, or hair bundles of sensory
hair cells, a precise definition of the linearity and time- and frequency-
dependent properties of the stimulus device is indispensable. Here we
determine the frequency-dependent characteristics of a fluid jet as
produced by a pressurised fluid-filled container combined with a glass
pipette having a microscopically sized tip acting as an orifice. At small
orifice diameter (< 10 µm), the fluid flow velocity of the jet is propor-
tional to the displacement of the piezoelectric actuator imposing
changes in the container’s volume. At larger pipette diameters and low
frequencies, the jet velocity becomes gradually proportional to the
actuator’s velocity. In addition a practical procedure is described, that
can be applied during physiological experiments to obtain a fluid jet’s
frequency response produced by individually differing pipettes.
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INTRODUCTION
Sensory hair cells are the primary mechanodetectors in several sensory organs in
vertebrates, such as the hearing- and vestibular organ and the fish lateral-line
system. The hair bundle is the mechano-sensitive organelle, a well-organised
arrangement of stereocilia on the apical side of the hair cell. In most receptor
organs the hair cells are covered by an overlying tectorial structure bathed in a
fluid, often mechanically coupling many hair bundles (van Netten, 1997). These
tectorial structures convey the mechanical signals to the hair bundles. Deflections
of the bundle of stereocilia, which pivot at their base, induce changes in open
probability of the mechanically gated ion channels in the tips of the hair bundle
(Hudspeth, 1989). The combined mechanics and hydrodynamics of the hair
bundles and tectorial structure determine an organ’s sensitivity to a specific aspect
of motion.

To study the mechanics of the tectorial structures and individual hair bundles
as well as the mechano-electrical transduction process, a well-defined mechanical
stimulus is required. Due to the dimensions of most tectorial structures, stimulation
at a microscopic spatial resolution is needed, especially when stimulating an
individual hair bundle. A commonly used mechanical stimulus for individual hair
bundles consists of a piezoelectric actuator driving a fibre (Strelioff and Flock,
1984; Crawford and Fettiplace, 1985; Howard and Ashmore, 1986; Howard and
Hudspeth, 1988; Russell et al., 1992). The fibre adheres to the cell membrane of
the kinocilium or tallest stereociliar row, allowing for force application to the
bundle in both directions. A stiff fibre enables direct displacement of the bundle,
overruling the intrinsic bundle mechanics, and can be used to study transducer
channel kinetics (Howard and Hudspeth, 1988; Jaramillo and Hudspeth, 1993;
Kennedy et al., 2003). Alternatively a fibre with a stiffness comparable to the hair
bundle can be used. Although force application becomes less effective, the fibre
stiffness does not dominate the intrinsic mechanics of the hair bundle and allows
for estimating the bundle's mechanical characteristics (Benser et al., 1996).
Viscous forces do, however, attenuate the higher frequency stimuli, limiting the use
of these compliant fibres to low frequencies (Howard and Hudspeth, 1987;
Crawford and Fettiplace, 1985).

Since most mechano-detecting structures in receptor organs are fluid-driven, a
fluid coupling between stimulator and mechano-detector is a good alternative to
fibre stimulation. Well-defined fluid displacements can be obtained using a
stimulus sphere attached to a piezoelectric element (van Netten, 1991). It generates
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a water displacement output as a function of applied voltage across the
piezoelectric material that is constant for a range of frequencies of several hundred
hertz, depending on its construction. It does, however, stimulate very ineffectively
at larger distances, falling in stimulus power with the third power of the distance to
the stimulus sphere centre. To compensate for this effect, large stimulus spheres
can be used. As a consequence of the increased sphere diameter, the stimuli are
produced in a larger volume. To obtain a more targeted mechanical stimulus a fluid
jet emerging from a glass pipette with a microscopic opening at its tip can provide
an alternative solution. Narrow pipettes producing a constant fluid velocity may
deflect the target in a step-like fashion, or with alternating velocity can generate a
vibrational response.

In one of the first reports on a fluid jet in mechano-reception research (Jielof et
al., 1952) it was applied to drive the cupula of a fish lateral line neuromast. The
4 mm pipette diameter used in that study was relatively wide compared to later,
more miniaturised models (Flock and Orman, 1983), which were designed to
displace individual hair bundles. A first step to calibrating the frequency

A

B

Figure 1: The fluid jet-producing device
(A) Picture of the assembled fluid jet-
producing device mounted on its xyz-
manipulator. (B) Disassembled device
showing the separate parts of the fluid jet:
R = rear element, P = piezoelectric disc,
O = o-ring, S = screws B = Perspex body
part, C = cone washer, Sp = spacer,
Sc = screw cap, P = pipette.
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dependence of a fluid jet was given by Saunders and Szymko (1989). They used
glass micro-beads, with a specific gravity close to that of water, which were
captured in the pressure field of the pipette while monitoring their motion by
stroboscopic-illuminated microscopy.

In this chapter a simple piezoelectric-driven fluid jet device is presented. A
compliant glass fibre with a resin sphere attached to its tip is used as a sense probe
to calibrate the fluid displacement output of the fluid jet device. Sense probe
displacements are monitored using a heterodyne laser interferometer coupled to a
transmitted-light microscope. The procedure, which can be easily applied in an
experimental situation, enables the determination of the frequency dependence of
the fluid jet, which is essential to correct experimental data obtained using the same
fluid jet as a stimulus. To improve the understanding of the physical factors of the
fluid jet device that govern the frequency response of the produced fluid jet, a
model of its output has been developed and compared to the measured data. The
resistance of the fluid jet pipette tip will be shown to be the key parameter
influencing the amplitude and phase characteristics of the fluid jet.

MATERIALS AND METHODS

Fluid jet-producing device
The device used for the generation of a fluid jet is shown in Fig. 1A and its
individual parts in Fig. 1B. The main parts are a Perspex body part (B) and a brass
rear end (R). Three screws (S) pull both parts together, sandwiching a
piezoelectric-driven brass disc (P), a configuration that is only clamping the
piezoelectric disc at its rim. The Perspex body contains a cone-shaped fluid-filled
chamber, which is closed by the piezoelectric disc. A rubber o-ring (O) between
the Perspex and the piezoelectric disc provides a fluid-tight seal. When displaced
by the voltage-driven piezoelectric material, the piezoelectric disc induces volume
changes of the fluid chamber. 

At the front end of the Perspex body part a glass pipette (Pi, outer diameter
1.5 mm, inner diameter 1.17 mm) is inserted. The screw cap (Sc) applies pressure
on two cone washers (C) separated by a Perspex spacer (Sp) to produce a fluid
tight seal and fix the glass pipette in a mechanically stable way. The pipette is
narrowed at its tip using an electrode puller. Tip diameters were varied between 6
and 62 µm and tapering lengths were kept at approximately 3-4 mm. The total
length of the glass pipette was about 5 cm of which about 1.5 cm was clamped
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inside the fluid jet device. To facilitate horizontal application of the fluid jet in the
experimental chamber, the glass was bent one centimetre from the tip over an angle
of about 20°, so that it could be aligned with the horizontal plane (Fig. 1A).

To obtain an air-free filling of the fluid chamber in the Perspex body part, it
was filled with a low viscosity silicone fluid (200 Fluid 5 CS, Dow Corning),
which has low surface tension properties. The silicone fluid was degassed under
vacuum conditions for several hours before use to prevent dissolved gas from
creating bubbles inside the fluid jet. The glass pipette was filled with de-
mineralised water. The last centimetre of the pipette, which was to be inserted into
the Perspex body part, was filled with the silicone fluid. Inserting the glass pipette
generated a pressure increase inside the fluid chamber, displacing a small volume
of the water out of the pipette. During this temporary overpressure the fluid jet
device was transferred to its position in the set-up and the pipette tip was
submerged in the bath solution (water) preventing air to enter the tip.

The instrument also benefits from the high resistivity (1.0·1015 Ohm-cm) of the
silicon fluid creating an electrical resistance between the brass disc and the bath
solution, thereby preventing electrical cross talk of the piezoelectric control signal
and electrophysiological recordings obtained from the preparation (relevant for
chapters 3, 5-6). Additional electrical shielding was obtained by connecting the
brass disc, which is facing the preparation, to the electrical ground. The rear end of
the fluid jet device, which together with the grounded brass disc enclosed the
piezoelectric material, was also grounded, thereby shielding off the applied
voltages.

A shaft connected to the rear end of the fluid jet device was used to mount the
device on a xyz-micromanipulator. The tip of the jet pipette was lowered in the
bath and positioned under visual guidance. All calibration measurements were
done in free field conditions, i.e. approximately 5 mm above the bottom and below
the surface.

Signal generation
Sine wave stimuli at exponentially distributed frequencies ranging from 1 to
1000 Hz were generated at 32 points per period using the full amplitude range of a
16-bit D/A converter (Ariel, DSP-16). They were subsequently attenuated to the
desired amplitude and filtered (8-pole Bessel) at 8 times the stimulus frequency.
The first 4 seconds of a stimulus were not recorded to prevent effects of onset
transients.
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Motion detection
Object motion was measured with a heterodyne laser interferometer coupled to a
fixed-stage transmitted light microscope (Fig. 2) mounted on a vibration isolated
table. The objective lens focuses two parallel laser beams so that their beam waists
intersect in the plane of focus. A frequency difference of 400 kHz between the two
laser beams, produced by two Bragg cells driven at 40.0 and 40.4 MHz, creates a
moving fringe pattern in the measuring volume where the beams intersect. Light
scattered by a stationary object, therefore, fluctuates in intensity at a carrier
frequency of 400 kHz ( fhet). Additional motion of the object induces a velocity-
dependent frequency modulation (Doppler shift) of the 400 kHz carrier signal. The
back-scattered laser light from an irregularity on the surface of the object is
detected by a photo-multiplier (Hamamatsu, model H6780-02) coupled to an I/V
converter. The output, containing the carrier frequency ( fhet = 400 kHz) modulated
by the velocity-dependent frequency shift produced by object motion, is band-pass
filtered with a centre frequency at fhet and electronically demodulated using a
modified frequency demodulator (Polytec, OFV 3000). The output signal of the
demodulator is a calibrated linear measure of the velocity of the object within the
range of 10-1 to 103 µm/s. For low frequency stimuli (< 10 Hz) a digital phase
demodulator was used, which has an output proportional to the displacement of the
object with a 32 nm resolution. The demodulator signal was low-passed filtered
(8-pole Bessel) at 8 times the frequency of stimulation and was amplified before
being digitised using a 16-bit A/D converter (Ariel, DSP-16) with a sample
frequency at 32 times the frequency of stimulation. Displacement responses
consisting of usually 10 consecutive stretches each 16 periods in length were
averaged on-line by the data acquisition board. The averaged waveform was stored
on hard disc. A fast-Fourier transform (FFT) was used to extract the amplitude and
phase at the frequency of stimulation.

Sense probes
Sense probes for the detection of fluid displacement consisted of compliant glass
fibres with a resin sphere attached to their tip. Sphere diameters ranged from
30-60 µm. The fibres were about 1 cm in length with a gradually decreasing
diameter of about 100 µm to approximately 2 µm at their tips. They were glued to a
stiff glass capillary, with which they could be mounted on a manipulator. The
mechanical frequency response of the sense probes to fluid displacement was
obtained by stimulating the sense probe with a glass stimulus sphere (Ø 1.1 mm)
attached to a piezoelectric element. The frequency response of this stimulus sphere 
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Figure 2: Schematic drawing of the heterodyne laser interferometer microscope.
A laser beam with a Gaussian intensity distribution, generated by a He-Ne laser
(632.8 nm) oscillating in the fundamental TEM00 mode (Spectra physics) is aimed via
an attenuator (A) through a telescope (L1 and L2), which controls the location and
size of the beam waist at the location of the object. The beam is split using a
translatable 50/50 beam splitter (BS1) directing each beam through a separate
Bragg-cell (B1 and B2) driven at 40 and 40.4 MHz respectively. From each Bragg cell
one of the first order beams is optimised for intensity by changing the angle of
incidence. Translatable mirrors M1, M2 and M3 and beamsplitter BS1 are used to
parallel the first order bundles reflected from prisms P1 and P2. The dotted lines
indicate a change of view from top view to front view of the set-up. The parallel
bundles are then guided into the microscope via translatable mirror M4 and M5, onto
an internally fixed mirror M6 towards fixed 50/50 mirror M7 (M6 and M7 are behind
each other and at a 45 degree angle with the plane of the drawing). Mirror M7
combines the laser beams with the microscope's light path, reflecting them down to
the objective lens (OB). M4 and M5 can also be used to align the bundles parallel to
the optical axis of the OB and allow for precision positioning of the interference spot
in the visual field during an experiment. Translation of P1 and P2 changes the
distance between the parallel bundles, thereby changing the angle (α) between the
optical axis and each of the beams leading to a change in the fringe distance. The
beam waists are focussed by OB and intersect at the focal plane, where they
produce a moving fringe pattern.
The back-scattered laser light (light grey) reflected by the object (S = sense probe,
Pi = fluid jet pipette), falling within the aperture of OB, travels via the Wollaston prism
(P3) and mirror M7 to a polarising beam splitter (BS2). Using the λ/2 retardation plate
the polarisation of the laser beam is rotated such that most of the laser light reflected
by BS2 is directed towards the photo multiplier detector (PMT). A translatable pinhole
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was separately determined using the laser interferometer. 
When stimulating the sense probe with the fluid jet, the centre of the fluid jet

was aimed at the centre of the resin sphere. The distance between the jet producing
pipette tip and the sphere was at least one diameter of the resin sphere. Based on
the frequency responses of the sense probes their effective stiffness coupling to the
stiff glass tube held in a fixed manipulator was estimated to be of the order of
10-4 N/m.

Modelling of the jet output
A mechanical model containing the principal physical factors that determine the
frequency response of the fluid jet is shown in Fig. 3. The fluid jet device is
described by two coupled masses, representing the fluid mass in the Perspex body
part, 2

111 RLM πρ= , and the fluid mass in the glass pipette, 2
222 RLM πρ= , where

L1 and R1 are the effective length and radius of the wider Perspex body, L2 and  R2

the effective length and radius of the narrower glass pipette and ρ denotes the fluid
density. A vibrational displacement amplitude, X0, generated by the piezoelectric-
driven brass disc is coupled to the fluid mass, M1, in the Perspex body part by a
spring, S1, representing the rubber o-ring (Fig. 1B, O) and results in a fluid
displacement amplitude, X1. A resistive element in series, R1, is included to
describe friction forces in the fluid chamber. The displacement of the fluid mass in
the Perspex body is coupled to displacement of the fluid mass in the glass pipette,

diaphragm (D, 5 µm diameter in the image plane) is positioned in the focal plane of
lens L3. Lens L4 focuses the light coming through D onto the aperture of the PMT.
To position the pinhole over the object under visual control, mirror M8 is placed in the
light path so that the pinhole diaphragm is illuminated from behind by a halogen light
source (Hal1). The light travels via lens L3 through BS2 and becomes linearly
polarised (s-pol). It is projected by lens L5 onto a mirror M9. The λ/4 retardation plate
converts the linearly polarised light into circular polarised light. Upon reflection at M9
the circular polarisation changes direction, and is converted into linear polarised light
(this time p-pol) by the λ/4 retardation plate, which will now be directed to the oculars
(OC) by BS2. This way the pinhole can be visualised together with reflected laser
light allowing accurate positioning of the pinhole over the object.
The microscope is build from an Axiotron (Zeiss, Oberkochen Germany), which has
been modified to become a fixed stage microscope. It is equipped with a 40x water
immersion objective lens (NA 0.8) and 10x oculars. An Optovar (Zeiss, Oberkochen,
Germany, 1-4X continuous) can be used to optimise the magnification. To improve
visualisation, Nomarski differential-interference contrast optics (polariser (Pol),
Wollaston prisms (P4, P3) analyser (BS2)) are used. The red part of the spectrum
(> 580 nm) of the microscope's halogen light source (Hal2) is filtered out by a dichroic
mirror (DM) in the light path, which in combination with a wrattenfilter (Kodak, #25)
(F) prevents the PMT from being saturated by the microscope light.
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X2, by a lever arm, L. The force ratio of this transfer is equal to the inverse of the
ratio of the cross-section surfaces in the two compartments 2

1
2
21 RRlFl == ,

reflecting the conservation of fluid mass. The displacement transferred to the glass
pipette compartment is, therefore, equal to lX1. This motion is transferred to the
fluid mass by compliant element, S2, represented by the cone washers around the
glass pipette. A resistive element, R2, describes the viscous friction and tip
resistance.

The displacement amplitude of the fluid emerging from the jet pipette, X2, as a
function of frequency is then described by:

( )
( ) ( ) ( ) ( )

( )ω
ωωωωω

ω 0
11

22
221
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2 -
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TRiTMω TlSlSTS

SX
+−+−

−
= , (1)

with

( )
2

2
2
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RESULTS
Fig. 4A shows a typical sinusoidal displacement of the sense probe driven by a
fluid jet with a jet pipette diameter of 62 µm. The average sense probe
displacement of 10 consecutive traces is given, each containing 16 periods at a
frequency of 106 Hz. The waveform clearly shows the 16 periods of the
fundamental frequency with negligible distortion. The degree of the distortion can

S2

M2

X0

M1

X1

S1

X1l

L
X2

R1

Figure 3: Mechanical representation of the jet-producing device. X0 indicates the
displacement amplitude of the piezoelectric disc. A spring, S1, and resistive element,
R1, together with fluid mass, M1, describe the fluid displacement amplitude, X1, in the
Perspex body compartment. Lever arm, L, (with force ratio 1/l) amplifies the fluid
displacement X1 to l·X1, which is the input displacement of the fluid in the glass
pipette. The spring, S2, resistive element, R2, and mass M2 determine the
displacement response, X2, of the fluid mass in the pipette, which is a measure of the
displacement of the fluid of the jet.



DESIGN AND CALIBRATION OF A FLUID JET-PRODUCING STIMULUS DEVICE

27

be more clearly demonstrated by the Fast Fourier Transform (FFT) calculated from
the response in Fig. 4A (Fig. 4B). It shows the frequency content of the waveform
up to 500 Hz. The fundamental frequency is clearly visible at 106 Hz and rises
about three orders of magnitude above the noise floor. The second harmonic is
visible, but has an amplitude of more than 40 dB below the response at the
fundamental frequency. Higher harmonics are even smaller. The total harmonic
distortion (THD) had a value of -32.7 dB and was calculated according to:















 ∑
= =

1

11

2log20THD
a

a
n

n
, (3)

where a1 is the amplitude of the fundamental frequency and an is the amplitude of
the nth harmonic frequency.

Fluid jet calibration
To determine the frequency-dependent motion of the fluid jet, the displacement of
the sense probe, induced by the fluid jet, was measured as a function of frequency.
However, the frequency-dependent amplitude and phase characteristics obtained
this way are contaminated with frequency-dependent characteristics of the sense
probe and other possible frequency selective components of the equipment. To
isolate the fluid jet frequency response, three additional frequency responses have
to be measured, which are displayed in Fig. 5. The first step (Fig. 5A1) is to obtain
the frequency dependent properties of the demodulator (D) including the additional
signal conditioning equipment (E). To do so a voltage-controlled oscillator was
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Figure 4: (A) Sense probe displacement in response to a 106 Hz vibrational fluid jet
stimulus as a function of time. Average of 10 repetitions. (B) Fourier transform of the
average waveform shown in A with the fundamental at frequency 106 Hz and the
second harmonic component at 212 Hz more than 40 dB less in amplitude.
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used to generate a frequency modulated 400 kHz signal, which was sent to the
demodulator, instead of the photomultiplier output. The resulting response, ED( f ),
is presented in Fig. 5B1, as a function of frequency, f. It shows a nearly constant
amplitude characteristic and a clear phase rotation starting around 310 Hz as a
result of the anti-alias filter, set at 8 times the stimulus frequency up to the 2.5 kHz
(8 × 310 Hz) limit of the filter. The second step characterises the frequency
response of a stimulus sphere, S( f ). The laser interferometer is used to directly
measure its displacement amplitude as a function of frequency. This response,
consisting of ED( f )×S( f ) can now be divided by ED( f ), obtained in step 1, to
isolate the pure stimulus sphere response, S( f ) (Fig. 5B2). In the third step the
same stimulus sphere is used to displace a sense probe, with frequency
characteristics SP( f ), that subsequently will be used to determine the fluid jet
displacement. The sense probe displacement resulting from sphere stimulation, as
measured by the laser interferometer, is still contaminated with equipment and
stimulus sphere characteristics, ED( f )×S( f )×SP( f ). This response is divided by
the previously (step 2) isolated stimulus sphere response, S( f ), resulting in the
sense probe frequency response (Fig. 5B3), which is (intentionally) still
contaminated with the equipment response characteristics, ED( f ). In the fourth
step the remaining ED( f )×SP( f ) is used to correct the fluid jet-driven sense probe
response measured by the interferometer ED( f )×SP( f )×FJ( f ), thus eventually
isolating the pure fluid jet amplitude and phase response, FJ( f ), as a function of
the frequency of displacement (Fig. 5B4). 

Tip resistance
The dimensions of the object that has to be stimulated largely determine the
diameter of the tip of the glass-pipette to be used for producing the fluid jet. An
individual hair bundle usually requires tip diameters smaller than 10 µm, whereas
some tectorial structures may require tip openings of up to 0.5 mm. A narrow tip
increases the outflow resistance and thus decreases the fluid flow of the jet, as
evidenced by the much larger voltage amplitudes that have to be applied across the
piezoelectric disc to obtain equal displacement amplitudes of the sense probe.

An even more important consequence of the tip diameter is its influence on the
fluid flow characteristics of the fluid jet. To illustrate this, three examples of
different tip diameters are given in Fig. 6. Fig. 6A shows the amplitude and phase
response of the resulting fluid displacement when using a pipette without a tip
restriction. In this case, the glass pipette was cut at the same length as the pipettes
used in Fig. 6B and 6C but was not tapered at its tip. Its outflow diameter then



DESIGN AND CALIBRATION OF A FLUID JET-PRODUCING STIMULUS DEVICE

29

1 2 3 4

E

D

S

SP

FJ

E

D

S

E

D

SP

E

D

ED ED×S S ED×S×SP ED×SP ED×FJ×SP FJ

10 100 1000
0.1

1

10  ED(f)

 

Am
pl

itu
de

 (a
.u

.)

10 100 1000
-270
-180
-90

0
90

180
270

 Frequency (Hz)

 P
ha

se
 (d

eg
)

10 100 1000
0.1

1

10  ED(f)×S(f)
 S(f)

 

 

10 100 1000
-270
-180
-90

0
90

180
270

 

 Frequency (Hz)

10 100 1000
0.1

1

10  S(f)×ED(f)×S(f)×SP(f)
 ED(f)×SP(f)

 

 

10 100 1000
-270
-180
-90

0
90

180
270

 

 Frequency (Hz)

10 100 1000
10

100

1000

10000

4321
 ED(f)×FJ(f)×SP(f)
 FJ(f)

Am
pl

itu
de

 (n
m

)

 

10 100 1000
-270
-180
-90

0
90

180
270

 

 Frequency (Hz)

Figure 5: Fluid jet correction procedure. (A) Schematic representation of the
correction procedure. Each column (1-4) represents a type of measurement needed
to complete the correction. These frequency responses contain properties of ED
(equipment, demodulator), S (stimulus sphere), SP (sense probe) or FJ (fluid jet) as a
function of frequency. Results in a column are used to correct the measured
response in the next column, indicated by the long arrows, and produce results
pointed at with a short arrow. (B) Displacement amplitude and phase for each
measurement (1-4) described in A. Each solid line is the result of a correction (except
for column 1) and is used in the next column to correct the measured frequency
response (symbols), both for the amplitude as well as the phase response.
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equals the inner diameter of the glass pipette (1.17 mm). The fluid jet generated
when using such an unrestricted tip effectively behaves as a displacement stimulus
up to a certain cut-off frequency. This is evident from the displacement response at
low frequencies (<100 Hz), which is flat as a function of frequency. At higher
frequencies the amplitude starts increasing and approaches a resonant frequency at
about 150 Hz. Beyond this resonant frequency the displacement amplitude
decreases at a rate of -40 dB/dec, reminiscent of a second order system. During the
constant displacement output there is a 0 degree phase lag with the voltage input to
the piezoelectric disc. Around the resonant frequency the phase rotates over an
angle of -180 degrees, consistent with the second order characteristics of the
amplitude.

The pipette with an intermediate tip restriction of 56 µm (Fig. 6B) shows an
intermediate response. At low frequencies the displacement amplitude is constant
as a function of frequency and in phase with the voltage control of the piezoelectric

Figure 6: Effect of tip diameter on fluid jet response. Data points are the
measured amplitude and phase responses as a function of frequency using a pipette
without a tip restriction (A), 7 µm tip (B), 56 µm tip (C). The solid lines are fits to the
data with a model description of the jet-producing device. Fixed parameters:
L1 = 0.016 m; L2 = 0.058 m; D1 = 0.0051 m; D2 = 0.00117 m; ρ = 1000 kg/m3;
S1 = 2.5·105 N/m; R1 = 0.05 Ns/m; Varied parameters: A, S2 = 62 N/m,
R2 = 0.021 Ns/m: B, S2 = 40 N/m, R2 = 0.35 Ns/m: C, S2 = 40 N/m, R2 = 200 Ns/m.
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disc. In this case the displacement amplitude, however, starts declining around
15 Hz, changing towards a slope of about -20 dB/dec with an according -90 degree
phase rotation. Around 400 Hz the slope starts to decrease further and also the
phase starts rotating towards a 180 degree phase lag. No resonance is evident, as in
the larger diameter (1.17 mm) case.

In case of an extremely restricted tip with a diameter of 7 µm, the fluid jet
device effectively produces a constant fluid velocity in proportion to the voltage
applied. This is clear from Fig. 6C, which shows a displacement amplitude
response of about -20 dB/dec over the measured frequency range (1-1000 Hz).
Consistent with this characteristic is the almost constant phase lag of -90 degrees
except at the higher frequencies where it starts rotating slowly. These frequency
characteristics reflect an overdamped system. Therefore, in the case of a small tip
diameter, the output jet in terms of its velocity is flat and in phase with the voltage
applied to the piezoelectric disc within the measured frequency range. 

To get a better understanding of underlying parameters influencing the output
characteristic of the jet producing device, the data were also described by a
mechanical model (see Methods). The fluid jet device is modelled as two fluid
masses coupled by a lever and a spring (Fig. 3). One fluid mass is contained in the
large diameter chamber in the body part of the Perspex, the other is the fluid mass
in the restricting pipette. The displacement amplitude of the latter is proportional to
the displacement of the fluid jet emerging from the pipette tip and is calculated as a
function of frequency of the piezoelectric disc displacement. This model was then
fit to the data (Fig. 6A-C, solid lines).

The model shows that the resistance of the pipette, R2, greatly influences the
output response. When fitting the model to the data, R2 increases drastically
(×1540) when compared to the pipette without tip restriction and it results in an
intermediate resistance for the 56 µm tip. Besides an increased R2, R1 and S2 are
also modified. This is most likely due to the increased force, which had to be
applied on the cone washers as a result of the higher pressure during the insertion
of the pipette with smaller tip diameter. As a result the cone washer partially
restricted the pipette entrance.

Unless the system is overdamped by a resistive element, each combination of a
spring and mass leads to a resonance accompanied by a -180 degree phase rotation
and an amplitude response slope change of -40 dB/dec. The present model,
therefore, predicts two resonant frequencies damped by two friction elements in the
system, resulting in a total phase rotation of 360 degrees. The occurrence of just 
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one resonant frequency with the accompanying -180 degrees phase rotation within
the measured frequency range thus suggests that there is a second resonance at a
higher frequency. The existence of a second resonance at higher frequencies was
confirmed by using a signal generator to drive the fluid jet-producing device while
monitoring the sense probe’s velocity, as measured by the laser interferometer. A
second resonant frequency was observed at about 4.5 kHz. Since this was far
beyond the range of frequencies of our interest, we did not perform further detailed
measurements.

DISCUSSION
The fluid flow of microscopic jets, produced by several types of devices, has been
used in hair cell research for two decades (Flock and Orman, 1983; Saunders and
Szymko, 1989; Kros et al., 1992; Rusch et al., 1994; Géléoc et al., 1997; van
Netten et al., 2003). In almost all cases the mechanical characteristics are assumed
to be constant in terms of displacement or velocity and generally lack detailed data
on their actual output characteristics. In the present study a method was developed,
using a flexible sense probe that was independently characterised by means of an
additional stimulus device (stimulus sphere), to calibrate a microscopic fluid jet,
providing its detailed frequency selectivity within a limited frequency range. This
information is necessary to properly analyse any object displacements produced by
this jet. Because slight changes in the tip diameter of the jet-producing pipette alter
the frequency response, a calibration for each individual pipette is necessary. The
proposed calibration using a sense probe has been shown to be useful within the
frequency range tested. The frequency-dependent characteristics of a particular
sense probe can be determined well in advance of the actual physiological
experiment and the probes can be stored for later use. During an experiment a
sense probe can be positioned in close proximity of the preparation to enable
calibration of the fluid jet directly after the stimulation of the preparation (see
chapter 3), without having to move the pipette tip out of the water. Essential for
this procedure is that the fluid jet frequency response does not change over time. A
potential danger is that the tip gets (partially) blocked by dirt floating in the bath
solution. Such an additional restriction of the tip leads to a changed response
profile, making it impossible to correct measured data for the jet response
characteristics.



DESIGN AND CALIBRATION OF A FLUID JET-PRODUCING STIMULUS DEVICE

33

Comparison of measured fluid jet characteristics with model
A simple physical representation of the fluid jet-producing device as two fluid
masses coupled via a lever and a spring, quite well describes the behaviour of the
fluid jet emerging from the pipette’s tip. It follows from fitting the model to the
data that the dynamics of the fluid in the pipette dominates the frequency response
characteristics for the frequency range used in the experiments. The fluid in the
body compartment of the device resonates at a much higher frequency (around
4.5 kHz). This implies that the first term in the denominator of Eq. 1, proportional
to S1, dominates. the other terms in the denominator so that Eq. 1  effectively
reduces to ( ) 0

1
2 XTX ⋅= −ω . In terms of the model (Fig. 3) this means that X1

moves exactly the same as X0 because of the very stiff element S1 so that the
dynamics of the fluid jet is governed by the elements describing the pipette. (S2, R2,
M2). This also implies that the parameters of only these elements can be
meaningfully fitted (e.g. Fig. 6). The parameters of the Perspex body were fitted to
have a (second) resonance above the frequencies used in this study, in line with the
observations.

One of the most relevant features significantly affected by the tip resistance,
which depends severely on the tip diameter, is the character of fluid motion that is
produced as a function of frequency. A large tip diameter results in a displacement-
producing device for a limited range of frequencies with accompanying resonance
behaviour (Fig. 6A). A slight restriction of the pipette (critically) damps the
system, preventing it from resonating. It produces a flat displacement output up to
about 200 Hz (Fig. 6B). Above this frequency the displacement amplitude falls off
with -40 dB/dec accompanied by a 180 degree phase rotation. The model shows
that increasing the stiffness of the compliant components in the device shifts the
roll-off frequency towards higher frequencies. Alternatively decreasing the length
of the pipette increases the cut-off frequency, but this is in practice limited by the
minimum length needed for positioning the device in the set-up. Highly restricted
pipettes, with tip diameters in the order of several micrometers, strongly overdamp
the system and produce a constant velocity output as a function of frequency (Fig. 6C).

The model therefore predicts the change in fluid jet from a displacement
stimulus in the situation of a small tip resistance (large tip diameter) to a velocity
stimulus due to tip restriction. Fig. 7A compares the model results into more detail
for increasing outflow resistance, R2. At a low pipette resistance (R2 < 0.02 Ns/m),
a constant displacement amplitude of the jet is produced at frequencies below about
80 Hz, showing resonance around 150 Hz. Slightly increasing the resistance, 
R2 = 0.7 Ns/m, (critically) damps the system making it a useful displacement
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stimulus device. Increasing the resistance R2 gradually changes the fluid jet
apparatus into a velocity-producing device at expense of the jet flow. This velocity
related input corresponds with a slope of -20 dB/dec in the amplitude response.

What type of fluid motion is needed to stimulate a mechanosensory structure? 
In other words how well does the output characteristic of the fluid jet-producing
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Figure 7: The effect of increasing pipette resistance (A) Series of modelled
frequency responses showing fluid displacement output as a function of the
frequency of the voltage signal put across the piezoelectric disc. Parameters values:
S1 = 2.5·105 N/m, R1 = 0.05 Ns/m, S2 = 40 N/m, values of R2 are given next to each
curve. (B) Calculated step response of the fluid jet-producing device, with low pipette
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(R2 = 200 Ns/m)
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device match the fluid motion to which the mechano-sensory structure is
physiologically sensitive? Based on the micromechanics and hydrodynamics of an
individual hair bundle it was theoretically shown that a hair bundle’s displacement
response is flat as a function of the frequency of a fluid velocity stimulus up to a
cut-off frequency determined by its stiffness and its size (Géléoc et al., 1997; van
Netten, 1997). The pipettes used to displace individual bundles are matched to the
dimensions of the bundle with diameters below 10 µm. The accompanying high tip
resistance results in a constant velocity output as a function of frequency, therefore,
produces an adequate stimulus to displace individual bundles. Fluid velocity steps
will thus induce step displacements of the bundle (Fig. 7C). The velocity output
will, however, be contaminated with a ringing close to 4.5 kHz caused by
resonance of the fluid in the body compartment. Adequate low-pass filtering of the
applied voltage signal can prevent these oscillations, but will inevitably put an
upper limit to the displacement rise time of a hair bundle that can be achieved.

A second consequence of tip restriction is the decreased output response.
Much larger voltages have to be applied to the piezoelectric disc to produce similar
fluid jet displacements. This consequence of tip restriction was previously
recognised by Saunders and Szymko (1989) who showed a square relation between
fluid displacement amplitude and tip diameter. Remarkably, they did not report
differences in the frequency response of their fluid jet due to tip diameter. Their
calibrating method did not give precise information about the phase of the response
and, therefore, lacks this relevant information. Their displacement frequency
responses reported have a slope of -10 dB/dec, which makes their apparatus neither
a true displacement nor a true velocity-producing device, and additional phase
information could perhaps help by the interpretation.

When a preparation is only stimulated at a single frequency, the detailed
frequency response of the fluid jet is less relevant as long as the desired
displacements of the object can be established. Harmonic distortion of the
produced fluid jet might, however, cause a problem in the investigation of a
system’s non-linearities. Although the harmonics produced by the described device
(Fig. 1) are relatively small (Eq. 3, THD < -32 dB) and comparable to the fluid jet
distortion reported by Saunders and Szymko (1989), it may nevertheless preclude
the direct estimation of transducer related hair bundle non-linearities from
harmonic analyses, as predicted for specific types of hair cells (e.g. van Netten and
Kros, 2000).

This chapter accentuates the importance of the calibration of a jet-producing



CHAPTER 2

36

stimulus device, demonstrating the importance of the outflow restriction as the
prime parameter for the jet response characteristics. Not only the jet displacement
output (power) is decreased with a higher tip resistance, but more importantly its
output characteristic changes from a displacement to a velocity stimulus as a
function of frequency (Fig. 7A) accompanied by a phase change. The simple model
described in this chapter can help understanding the physical parameters
underlying the output characteristics and can thus facilitate optimising the design
of this stimulus device.
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ABSTRACT
The sub-micrometer mechanical behaviour of cupulae of the zebrafish
(Danio rerio) superficial lateral line system in response to vibratory
fluid jet stimuli was measured using a microscopically guided laser
interferometer. Cupular displacement as a function of fluid velocity
measured at tens of micrometers above the sensory epithelium is
almost constant at low frequencies (<20 Hz), reaching mechano-
sensitivities in the range of 1-5 nanometer cupular displacement per
micrometer/second fluid velocity. The base region of the cupula
driving the sensory hair bundles is estimated to possess only a
fraction (20-30%) of this mechanosensitivity. The cupular mechano-
sensitivity as a function of stimulus frequency of the driving fluid
velocity gradually decreases at slopes of approximately 10 dB/dec
from low frequencies up to about 70 Hz. At higher frequencies cupular
displacement declines with 20 dB per decade increase of frequency of
fluid velocity. Measurements at different heights show that the cupula
bends during stimulation. A model, previously developed to describe
hydrodynamic cupular excitation of lateral line canal cupulae, can only
partially account for the observed cupular dynamics in superficial
neuromasts. An improved description was obtained by taking into
account the frequency dependent fluid boundary layer along the fish’
skin. The results suggest that the stiffness coupling to the hair cells of
the sensory epithelium is governed by the compliance of the cupula.
Detection properties of zebrafish superficial cupulae are compared
with those of canal neuromasts of the ruffe (Gymnocephalus cernuus),
indicating that canal neuromasts possess an overall superior signal-to-
noise ratio.
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INTRODUCTION
The mechanosensory lateral line system in aquatic vertebrates is a sensory system
for the detection of local low-frequency water displacements. It is involved in
several biological functions, such as the detection of prey (Dijkgraaf, 1963;
Bleckmann, 1980; Montgomery and MacDonald, 1987; Enger et al., 1989; Janssen
et al., 1994) and stationary objects (Weissert and von Campenhausen, 1981; von
Campenhausen et al., 1981; Hassan et al., 1992) as well as schooling (Pitcher et
al., 1976; Partridge and Pitcher, 1980). The functional units of the lateral line
system are the neuromasts. Each neuromast consists of a sensory epithelium, the
macula, which contains sensory hair cells with supporting cells in between. The
hair cells, which are the actual mechanosensory cells in the neuromast, have a
highly specialised organelle positioned on their apical side called the hair bundle.
The hair bundle is usually composed of several tens of actin-filled membrane
extrusions, the stereocilia, which are graded in height and arranged in a staircase-
like manner. Each hair bundle also contains a single kinocilium, which is located
on the side of the tallest stereocilia. A cross section through a bundle shows a
hexagonal arrangement of the stereocilia, while the kinocilium is clearly
recognisable by its 9+2 microtubular structure (Flock et al., 1962). Deflection of
the bundle in the direction of the tallest stereocilia and kinocilium favours the
opening of the mechanically-gated channels (transducer channels) and thus
increases the flux of cations into the cell (Hudspeth, 1989). Deflection in the
opposite direction leads to closure of the transducer channels.

Within one neuromast, hair cells are found with opposing bundle polarity
(Flock et al., 1962), which are mainly paired due to their development in the
macula (Rouse and Pickles, 1991). The hair bundles within one macula protrude
into an overlying structurally-organised driving element called cupula, which
mechanically couples the fluid flow to the hair bundles. A distinction is made
between neuromasts located in the fish’s epidermis with their cupula protruding in
the water surrounding the fish, called superficial neuromasts (SN), and canal
neuromasts (CN), which are recessed in the scales or in bony canals (Coombs et
al., 1987). SNs are found in almost all species of fish and in amphibians and CNs
neuromasts exclusively in fish.

The SNs and CNs not only differ in their location on the animal, they also
show distinct morphological differences, like the number of hair cells, the size and
shape of their cupula (Coombs et al., 1987; Janssen et al., 1987; Münz, 1989) and
the number of afferent nerve fibres innervating a neuromast (Münz, 1989). Both
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types of neuromast also respond to different kinds of stimuli. The combination of
canal and cupula in the CN-system acts as a water acceleration detector (van
Netten, submitted) as shown by measurements on CN cupular motion (van Netten,
1991; van Netten and Kroese, 1987) and afferent fibre recordings (Kroese and
Schellart, 1992), whereas the SN-system can be considered a detector of water
velocity (Kroese et al., 1978; Kroese and Schellart, 1987; Kroese and Schellart,
1992; Engelmann et al., 2000; Kroese et al., 1980). 

In the present study we performed detailed measurements of cupular motion in
the zebrafish, which in early development contains only SNs. They are distributed
over several locations on the head, where they form the anterior lateral line system,
and along a line on the side of the body and tail, forming the posterior lateral line
system. The lateral branch of the posterior lateral line contains seven to eight
neuromasts along the head to tail midbody line (Metcalfe, 1985). On average each
neuromast contains about ten hair cells with pear-shaped cell bodies that are
arranged in a rosette-like formation. The apical surfaces of the hair cells, which
carry the hair bundles, are slightly recessed in a small pit formed by two crescent-
shaped epidermal cells (Fig. 1). The hair bundles, each with a long kinocilium,
have two opposing polarities (Williams and Holder, 2000; Whitfield, 2003) and
protrude into a column-shaped cupula.

The zebrafish hair cells are functionally active at day 5 after fertilisation
(Metcalfe et al., 1985). This has also been shown by measurements of the
microphonic potentials, extracellular potential changes due to transducer channel
activation (Nicolson et al., 1998). The sensory-neuron growth cones co-migrate
with the primordium (Metcalfe, 1989) so that by this time the hair cells are also
innervated by afferent sensory neurones (Alexandre and Ghysen, 1999).

Conclusions regarding the physiological response properties of SNs are all
based on action potential recordings of the lateral line nerve. However, no direct
micromechanical measurements of the superficial neuromast cupula have been
described so far. Based on the relative short length of the cupula (< 50 µm), its
hydrodynamic response is likely to be heavily affected by the boundary layer of the
fish surface (Kalmijn, 1987).

Here we present the first measurements of the mechanical response of
superficial neuromast cupula in the tail region of the developing zebrafish. To
describe the underlying mechanics of the cupular response of the SN, the data are
fitted by a model originally developed to describe the mechanical behaviour of
CNs extended with the hydrodynamic properties of the fluid motion in the
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boundary layer. In SNs the elastic coupling of the cupular mid-re
sensory epithelium, which in CNs is accounted for by the hair bundl
found to be several orders of magnitude smaller than the expected
stiffness, and is therefore most likely dominated by the compliant
results obtained on the superficial lateral line system are compared w
results of the canal lateral line system with respect to sensitivity a
noise ratio of hydrodynamic stimulus processing.
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METHODS
Wild-type zebrafish (Danio rerio), kept at 26° C and subjected to a 13-11 hour
light-dark cycle were used to breed young zebrafish. Cupular mechanics was
measured in zebrafish ranging from day 5 (PF5) at which the organ is functional, to
day 14 (PF14) after fertilisation. The time of spawning was not exactly monitored,
and has an uncertainty in the order of hours. Developmental stages will, therefore,
be referred to in days after fertilisation, with PF0 being the day of fertilisation.
After natural spawning the eggs were collected from fish tanks with a nylon grid
that permits the eggs to pass. The eggs were rinsed with 10% Modified Barth’s
Solution (10% MBS) containing in mM: 8.8 NaCl, 1 KCl, 2.4 NaHCO3, 0.82
MgSO4, 0.33 Ca(NO3)2, 0.41 CaCl2, 1 HEPES, pH 7.4. Eggs were transferred in a
petridish with 10% MBS with additional methylene blue (0.2 mg/100 ml) that was
used to discriminate between fertilised and non-fertilised eggs. Blue non-fertilised
eggs were taken out at PF1 and at this time the solution was replaced with 10%
MBS without methylene blue.

Individual zebrafish larvae were anaesthetised using 10% MBS containing
0.02% MS222 (Tricaine, Sigma) before being transferred to the experimental bath
containing the same solution. The fish were mechanically fixed in a bath by
stabilising their head into a mould made from Sylgard 164 (Dow Corning), which
adhered to the glass bottom of the recording chamber. A thin strip of parafilm,
stretched across a stainless steel ring, was used to press down the tail close to the
measurement position to mechanically stabilise the preparation. Care was taken not
to obstruct the blood flow to the tail region. Stable blood flow up to the tip of the
tail was used as a criterion to judge the condition of the fish during an experiment.
Other criteria to monitor the quality of the preparation were the shape of the hair
cells and the visibility of the hair bundles.

All animal procedures were in accordance with regulations of the Dutch Act
on Laboratory Animals, and the institutional animal care and use committee (RuG-
DEC).

Stimulus
Mechanical stimuli were applied using a piezoelectrically driven apparatus
producing a fluid jet from a glass pipette. Pipettes were pulled on a Sutter P97
electrode puller (Sutter Instruments, CA, USA) and had tip diameters ranging from
30 to 50 µm, resulting in a fluid displacement-stimulating device up to several tens
of hertz (see chapter 2). The fluid jet (10% MBS with 0.02% MS222) was directed
along the anterior-posterior axis at an angle of 20° with the horizontal plane and at
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a distance of 100 to 200 µm from the cupula. The position of the fluid jet was
adjusted so that it was aimed at the centre of the cupula. Sinusoidal signals were
generated by a 16-bit DA converter (Ariel, DSP-16) filtered by an 8-pole
Butterworth filter and subsequently attenuated to the desired amplitude before
application to the stimulus device.

Cupular motion detection
Cupular motion in response to mechanical stimulation was detected using a
heterodyne laser interferometer (van Netten, 1988; Chapter 2, Fig. 2), which was
coupled to a transmitted-light microscope (Axiotron, Zeiss, Germany), modified
into a fixed stage configuration and equipped with Nomarski differential
interference contrast optics. Polystyrene microspheres (PolySciences) were
attached to the poorly reflecting cupula, to locally increase the reflectivity well
above the level required for proper operation of the laser interferometer. The
microspheres had a diameter of 1.053 µm and a density close to that of water
(1050 kg/m3) and were applied via a gravity-driven fluid flow (10% MBS with
0.02% MS222) emerging from a glass micropipette (Ø 5 µm) placed close to the
cupula. A steady stream of fluid carrying the microspheres was blown against the
cupula at a flow rate that hardly displaced the cupula, until a microsphere became
attached to the cupula. In many cases a sphere did not strongly adhere and was
visibly moving due to Brownian motion, often drifting off after tens of seconds. A
well-attached sphere did not show microscopically detectable signs of Brownian
motion. Spontaneous release of a sphere was often preceded by a sudden increase
in the noise of the laser interferometer output signal. The noise of the motion
detected with the laser interferometer was thus used as a parameter to judge the
quality of attachment. Spheres were applied on the side of the cupula opposite to
the mechanical fluid jet stimulus. After attachment of a sphere the application
pipette was moved several hundred micrometer away from the cupula. Laser light
reflected by the sphere, containing information about the sphere velocity, was
detected by a photomultiplier (model H6780-02, Hamamatsu, Japan). A modified
demodulator (Polytec, Germany) was used to demodulate the photo-multiplier
output and produced a voltage output which was linearly proportional to the
velocity of the sphere within the range of 10-1 to 103 µm/s (van Netten, 1988).

Frequency responses of the cupula were obtained by applying sinusoidal fluid
jet stimuli at frequencies ranging from 5 to 1000 Hz to the cupula. The
demodulated signals are a calibrated measure of cupular velocity and were filtered
at 8 times the stimulus frequency (8-pole Butterworth) and subsequently amplified.
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In response to each stimulus a number of consecutive stretches of cupular velocity,
each 16 stimulus periods in duration, were sampled at 32 times the stimulus
frequency and on-line averaged by the data acquisition board (Ariel, DSP-16). The
averaged responses at each frequency were saved to disc and the Fast Fourier
Transform (FFT) was used to calculate the amplitude and phase of the response
component at each stimulus frequency. The frequency responses obtained this way
are shown as sensitivity curves with respect to excitatory fluid velocity. The
amplitude of the sensitivity is consequently expressed as cupular displacement in
nanometer per excitatory fluid velocity expressed in micrometer per second
(nm/(µm/s)). Note that this sensitivity unit equals milliseconds and that its actual
value at low frequencies is a measure of the time-constant of the cupular impulse
response (van Netten, submitted).

Fluid jet calibration
The cupular motion data were corrected for the fluid jet frequency response as
described in Chapter 2. In short, the frequency response of a fluid motion sense
probe (a sphere attached to a very compliant glass fibre) was recorded in response
to stimulation with a piezoelectric-driven stimulus sphere with a known frequency
response. Subsequently the same sense probe was positioned approximately 200
µm above the cupula so that it could be used to measure the frequency response of
a fluid jet directly after its application to measure the frequency response of the
cupula. The frequency-dependent characteristics of the fluid jet, so obtained, were
used to correct the measured cupula displacement. The measurements as a function
of frequency are depicted as mechanosensitivity curves, defined as cupular
displacement per fluid velocity in units of nm/(µm/s).

Cupula and boundary layer model
A mathematical model for cupular mechanics previously developed for lateral

line canal neuromasts (van Netten, 1991), in combination with the hydrodynamics
of laminar frequency dependent boundary layer above a infinite plate (e.g. Lamb,
1932), was used to describe the cupular frequency responses. In the model, the
cupula is represented as a half sphere sliding over a frictionless plate. The cupula is
assumed to be elastically coupled to the reference frame (van Netten, 1991). The
sensitivity of the cupula, Sc( f ), defined as cupular displacement, X0( f ), per
excitatory fluid velocity flow past the cupula with amplitude V and frequency f , is
then described by (van Netten, submitted):
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where ρ is the fluid density, µ is the dynamic viscosity, a is the radius of the cross-
section of the cupula at the height above the epithelium at which the measurements
were taken, and S is the stiffness of the elastic coupling to the frame of reference.
The parameter ft is a transition frequency, separating the viscous and inertial
regimes in the frequency domain. It effectively scales the frequency axis. The
parameter Nr is the resonance number (van Netten, submitted). For Nr < 1, the -3dB
cut-off frequency, fc, defining the upper bound of velocity detection is given by

rtc Nff = (van Netten, submitted).
To include effects of the frequency dependent properties of the fluid boundary

layer next to the fish’ skin, we employed a solution originally due to Stokes (1851).
It describes the fluid velocity attenuation in the boundary layer, A( f , z), defined as
the fluid velocity, V( f , z) at frequency f, parallel to and at a height z above the fish
surface, divided by the fluid velocity, V0, far outside the boundary layer (e.g. Lamb,
1932):
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defines the frequency dependent boundary layer thickness or penetration depth
within which the amplitude and phase of the fluid flow change most significantly
(Batchelor, 1967). 
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Fits to the averaged measured data were made using two approaches. The
first consisted of solely the cupular model (i.e. using Sc( f ) in Eq. 1, see Fig. 3B)
while taking V as the calibrated fluid-jet velocity whilst Nr was adjusted by eye.
The transition frequency ft was kept fixed at 6366 Hz, as a result of inserting the
cross-sectional radius of the cupula, a = 5 µm, and taking ρ = 1000 kg/m3 and
µ = 10-3 kg/(m·s) in Eq. 2. The stiffness, S, could then be determined using the
obtained values for Nr and using Eq. 3.

Alternatively, as shown in Fig. 3C, the cupular and boundary layer model
were combined (Eqs. 1 and 4), defining the overall sensitivity, Scbl, per fluid
velocity outside the boundary layer by:

)(),(),( c00cbl fSzfAzfS ⋅= (6)

Fits to the data made by using Eq. 6 thus include the attenuation imposed by the
boundary layer on the fluid velocity, V0 , as emerging from the calibrated fluid jet
apparatus, yielding values for the resonance number Nr thus leading to an estimate
of the stiffness coupling, S, and the parameter defining the height of the cupula, z0,
at which the measurement was taken.

Microphonic potentials
Microphonic potentials were measured using an Axopatch 200B patch clamp
amplifier (Axon Instruments Inc., CA, USA) in the current clamp mode (I = 0).
Soda glass pipettes (tip diameter ≈ 1 µm) were filled with 10% MBS, resulting in
electrical resistances in the order of 20-40 MΩ. They were positioned just above
the epithelial layer, close to the cupula without touching it.

Signals for fluid jet stimulation of the cupula used during recording of
microphonic potentials were generated using the full amplitude range of a 12 bit
CED 1401Plus data acquisition board in combination with the Signal software
package (CED, Cambridge, UK). The recorded potentials were subsequently
filtered and attenuated to the desired amplitude (~2 µm at the tips of the kinocilia)
based on visual inspection of cupular motion. The sine wave stimuli consisted of
20 periods at 8 or 16 Hz. The response during the last 16 periods was filtered
(eight-pole Bessel filter) at 16 times the stimulus frequency and recorded at 64
samples per stimulus frequency period. The traces were further low-pass filtered
(-3 dB at 40 Hz) off-line with the finite impulse response filter implemented in the
Signal software to remove frequencies above the expected dominating frequency at
twice the stimulus frequency.
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RESULTS
Mechanical and electrophysiological data were obtained from the three terminal
neuromasts of the lateral branch of the posterior lateral line, located at a few
hundred micrometers from the tip of the tail. At this location the tail region is thin
allowing for high quality visualisation using Nomarski differential interference
contrast optics. This technique enables to discern individual hair bundles and
kinocilia of the terminal neuromasts. Usually three terminal neuromasts were
present, but occasionally there were only two. In some cases visualisation of the
hair bundles was hampered by pigmentation, which also precluded interferometric
measurements. The height at which the microsphere attached to the cupula relative
to the epithelial layer was determined using the calibrated focussing unit of the
microscope. The length of the tallest kinocilium and the length of the hair bundles
were determined similarly. The average number of hair bundles per (terminal)
neuromast was 10.4 ± 1.7 (n = 51, PF5-10), and the bundle’s average height was
5.2 ± 0.6 µm (n = 47, PF5-10). The average height of the tallest kinocilium per
neuromast was 29.7 ± 2.9 µm (n = 52, PF5-10). The average height of the cupulae
was about 45 µm.

Microphonic potentials
To verify whether the hair cells of a neuromast already had operational mechano-
transducer channels on day 5 and to check whether the transducer machinery was
still intact after the procedure of mechanically fixing the fish, microphonic
potentials were measured from the terminal neuromasts. Fig. 2A shows
microphonic potentials in response to a fluid jet stimulus that induced vibrational
displacements of the cupula at 16 Hz. The voltage signal driving the piezoelectric
disc of the fluid jet apparatus is shown on top. The microphonic potential contains
a clear component at twice the frequency of stimulation (32 Hz), resulting from the
two populations of hair cells within one neuromast, which are morphologically
polarised (Kuiper, 1956; Flock et al., 1962). The harmonic distortion in the
stimulus can be shown to be small, inducing a second harmonic component about
40 dB smaller than the fundamental frequency (see chapter 2). It does, therefore,
not contribute significantly to the measured response. A second example of a
microphonic potential is given in Fig. 2B. Besides the expected component at twice
the stimulus frequency (2 × 8 = 16 Hz), the measured microphonic potential also
contains strong components at the stimulus frequency as well as at higher harmonic
frequencies, and furthermore a DC component that can also be clearly seen in the
spectrum obtained via an FFT (Fig. 2C). To investigate to what extent the
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result of fluid jet stimulation, also the displacement of the epithelium close to the
cupula was measured. It was found to hardly exceed the noise levels (data not
shown) so that no corrections needed to be made.
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dynamic model (Eq. 1), without taking the boundary layer above the skin into
account. The value used for the parameter ft is based on the estimated cupular
cross-sectional radius of approximately 5 µm, yielding ft = 6366 Hz (Eq. 2). The
data were then best fitted when taking the resonance number, Nr, equal to 0.011,
defining an overall cupular cut-off frequency of velocity detection of

70rtc == Nff  Hz. However, both the amplitude and phase of the model can be
seen to deviate significantly from the measured data.

Fits of the combined model (Scbl, Eq. 6) to the averaged data are depicted in
Fig. 3C (solid lines). It appears that combining cupular dynamics with the
hydrodynamics of the boundary layer explains the measured amplitude and phase
more adequately than the cupular dynamic model. The fitted amplitude clearly
shows a midrange of frequencies (~10-100 Hz) at which the sensitivity declines
with about 10 dB/dec. The phase is also more satisfactorily described, although the
model obviously fails to do so at low frequencies. Again, using ft = 6366 Hz, as
prescribed by the average cupular cross-sectional radius of approximately 5 µm
(Eq. 2), yields a resonance number Nr equal to 0.0017, approximately a factor 6.5
smaller than the fitted value without the boundary layer model. This resonance
number implies a stiffness coupling of 6.4 µN/m, and yields a cupular associated
cut-off frequency ( f c = ft Nr) of about 11 Hz. The combined model fit to the
averaged data predicts a maximum sensitivity close to this cupular cut-off
frequency. The measured data do not permit a firm conclusion on the question
whether or not a maximum is reached for individual neuromasts in this frequency
range. The best fit for the height z0 was 34 µm, slightly higher than, but comparable
to the range of cupular heights measured from (19-28 µm).

To obtain information on the motion of the cupula along its height, which
senses different regions of the boundary layer motion, microspheres were attached
at different levels on the same cupula. Fig. 4 shows the measured displacement of
the cupula in response to a 44 Hz stimulus at cupular levels of 8, 19 and 34 µm
above the apical membrane of the hair cells. The two lowest microspheres (8 and
19 µm) were positioned well below the tallest kinocilium (28 µm), whereas the
microsphere at 34 µm was placed above the kinocilia. Eight time points (45
degrees apart in phase) during one period are shown. Lines interconnect the
cupular displacements at different levels, at the same phase of the stimulus. At a
height of 8 and 19 µm, the cupula moves in phase, but it leads the cupular motion
at a level of 34 µm by about 20°. Fig. 4B shows the more detailed displacement-
time relationships at the same three levels. The time difference (~1.26 ms)
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ciated to the phase lead of the lower locations (8 and 19 µm) with respect to
higher level (34 µm) can be clearly seen.
The displacement amplitude at 8 and 19 µm height is smaller than expected
 a stiff cupula pivoting around its base as judged from upper cupular region

 µm). This means that the cupula bends as a result of the fluid flow applied.
jecting the interconnections between the spheres at 19 and 8 µm down to the
l of the hair bundle tips (5 µm, dotted lines) results in a bundle displacement
ponent of approximately 57 nm, which is about 20-30% of the displacement
sured at half way up the cupular top. 

igure 4: Cupular motion measured at three different heights. (A) Cupular
otion induced by a 44 Hz stimulus was recorded using three spheres attached at 8,
9 and 34 µm above the apical plates of the hair cells. The 8 points shown per
phere, depicting the displacements associated with 8 time-points of one period, are
5 degrees apart in phase. Note that the abscissa has been expanded by a factor of
00 with respect to the ordinate, thus exaggerating the displacement angles by the
ame amount. The dotted lines project the connection between 19 and 8 µm of the

eft and rightmost displacement down to the bottom of the cupula, showing a sliding
omponent in the displacement besides the pivoting motion. At the tips of the
tereocilia (5 µm) the displacement amplitude is about 57 nm. (B) Displacement as a
unction of time at the three different cupular heights, clearly showing the phase lag
f the upper part of the cupula. The neuromast contained 7 hair bundles, and the
allest kinocilium was 26 µm.
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DISCUSSION
This chapter describes the first data of mechanical cupular response properties of
SNs in the zebrafish and shows the potential of the zebrafish larvae preparation as a
model to study SNs in vivo. The high quality visualisation that can be achieved in
this preparation enables micromanipulations under visual control. This facilitates
the positioning of reflective particles on the cupula, which enables accurate sub-
micrometer measurements of cupular displacement at distinct locations with spatial
resolution down to the micrometer level, using a suitably focussed laser
interferometer. The preparation can also be used to record extracellular electrical
responses related to transducer channel activity, as has been previously shown by
Nicolson et al. (1998). Proper visualisation is essential to accurately place the
recording electrode close to the hair cells, because the detected signal decreases in
amplitude with a space constant of about 5 µm. Recording from individual hair
cells directly using either intracellular recording techniques or the whole cell patch
clamp technique has so far proven to be too difficult to be successful due to the
epithelial cells on top of the hair cells (personal observation; Nicolson et al., 1998).

Microphonic potential
Microphonic potentials measured in the zebrafish preparation confirm the presence
of an operational transducer machinery at PF5. For proper mechanoelectrical
transduction an intact gating spring apparatus is required, which contributes a
significant fraction of a hair bundle's stiffness in other hair cell organs with
relatively long kinocilia (Hudspeth, 1989; van Netten and Kros, 2000). The
microphonic response at twice the mechanical stimulus frequency (Kuiper, 1956;
Flock et al., 1962) functionally confirms the existence of two morphologically
polarised populations of hair cells in lateral line neuromasts (Rouse and Pickles,
1991), which has previously been shown in zebrafish using phalloidin labelling
(staining the actin in the stereocilia; Williams and Holder, 2000) or double
labelling with phalloidin and anti-acetylated tubulin antibody (staining the
kinocilia; Whitfield, 2003).

Interpretation of the microphonic response in terms of transducer activity is
not straightforward. The response often contains a relatively large component at the
stimulus frequency (Fig. 2C-D). This component can only be partially explained by
direct electrical pick-up of the input signal to the piezoelectric element in the fluid
jet apparatus by the measurement electrode (Fig. 2D). The remaining component at
the stimulus frequency could arise from the response being picked up from an
unequal number of hair cells out of the two morphologically polarised populations
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igure 5: Microphonic potential resulting from a stimulus with DC displacement
f the cupula. (A) Transducer current (normalised) as a function of cupula
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in the neuromast. As a result, the response of one group of hair cells may
inate, so that after summation of the responses of both groups a component at
stimulus frequency remains. A second possibility is a DC component in the
d jet velocity. This causes one half of the hair cells to have their operational
ition shifted to a higher open probability resulting in a larger amplitude
onse, whereas the other half has its operational point pushed towards the closed

e resulting in a decreased response to the mechanical stimulus (Fig. 5).
mation of both these responses also qualitatively leads to responses like the

 shown in Fig. 2.

isplacement is described as a first order Boltzmann distribution for both
orphologically polarised hair cell populations (l and ll). Notice the approximate 10%
pen probability at X0, the equilibrium position of the cupula. The vibrational
isplacement stimulus, which contains a displacement offset, XDC, is depicted above
he current displacement curves. The stimulus translates into a transducer activity of
oth hair cell populations via the current displacement curves (dots mark the extreme
isplacements on the I-X curves). (B) Transducer current activity in both populations
s a function of time (three stimulus periods). The response of population l is clearly
maller because its bundles are pushed more towards the closed state by XDC.
esides bigger, the response of population ll is more symmetrical because it results

rom the middle part of the current-displacement curve. (C) The additive response of
oth hair cell populations, qualitatively corresponding to the microphonic response.
he microphonic response shows a component at the stimulus frequency (3 periods)
nd a component at twice the frequency comparable to Fig. 1A.
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Cupular mechanics
The presented velocity-sensitivities of the zebrafish superficial lateral line cupulae
as a function of the frequency show fairly constant amplitudes at the lowest
frequencies measured (e.g. < 20 Hz; Fig. 3A). These SNs can thus be considered as
detectors of fluid velocity in this low frequency range. The related low frequency
sensitivity amounts to a few nanometer per micrometer/second fluid velocity. The
average cut-off frequency was found to be about 70 Hz. The averaged measured
mechano-sensitivity curves (Figs. 3B and 3C), as well as the individual curves
(Fig. 3A), however, show a modest decrease around the cut-off frequencies of
about 10 dB/dec. Beyond the cut-off frequency the sensitivity declines with an
average slope of about -20 dB/dec, indicative of inertial fluid forces dominating the
excitation of the cupula. The phase response clearly shows a phase rotation around
the cut-off frequencies. The phase at low frequencies, however, does not match the
zero phase expected for a pure velocity detector. Also beyond the cut-off frequency
the measured phase does not approach -90°, which is expected for fluid-inertia
controlled cupular excitation. The conclusion therefore is that although the
superficial neuromasts investigated show features of a low frequency velocity
detector, in line with electrophysiological measurements on other types of
superficial neuromasts (Görner, 1963; Kroese et al., 1978; Kroese et al., 1980;
Kroese and Schellart, 1992), several aspects of the frequency dependence point to a
more complex behaviour than that of a low-pass first-order system. 

First-order low-pass behaviour is expected from a cupula model (Eq. 1) with a
resonance number (Nr) smaller than 1, resulting from an elastically loosely coupled
cupula to the underlying epithelium (van Netten, 1991; van Netten, submitted).
This model was originally developed to describe the mechanical behaviour of a CN
cupula and assumes it to be shaped as a rigid half sphere, sliding over a frictionless
plate. It takes into account both viscous and inertial forces arising from the fluid
flow past the cupula. The model, when applied to the averaged data on zebrafish
superficial cupular dynamics (Fig. 3B), describes the amplitude of cupular
sensitivity to some extent, but it does not capture the more detailed behaviour, such
as the slow decline (10 dB/dec) with frequency in the range of 10 to 100 Hz. More
obvious is the poor prediction of the measured phase. Rather than decreasing from
about 0° to -90° with increasing frequency, as expected from a first-order low-pass
filter (van Netten, submitted) measured phase data are limited to a range around
-45°. 

The fitted value of the resonance number (Nr = 0.011; see Eq. 3), together with
the estimated cupular cross-sectional radius, results in a stiffness coupling of the
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cupula of approximately 4·10-5 N/m. This is very low compared to the value
obtained for the canal cupula of ruffe (10-1 N/m; van Netten, 1987), which can only
in part be explained by the roughly 100 times smaller number of hair bundles per
neuromast in the zebrafish. If the stiffness is predominately determined by the
combined stiffness of the hair bundles this would suggest that the stiffness
contribution per hair bundle in the zebrafish is about 100 times lower than in the
ruffe and other hair cell organs (e.g. Markin and Hudspeth, 1995; van Netten,
1997; van Netten and Kros, 2000). A partial explanation of the approximately 100
times lower stiffness per bundle may be the effect of the relatively long kinocilium
that projects several tens of micrometers into the cupular body. In CNs relatively
short kinocilia (7-10 µm) but similar hair bundle lengths (~4-5 µm) have been
observed (van Netten, unpublished). The most likely cause for the small value
found for the cupular stiffness is the model assumption of a rigid (i.e. very stiff)
half sphere. The zebrafish cupula has the shape of a column with an average
diameter of about 10 µm and a length of approximately 45 µm. As observed
(Fig. 4), the superficial neuromast cupula does not primarily slide but shows a
predominant pivoting and also bending component in its displacement response.
The relative low stiffness value found at a level of tens of micrometer above the
cupular base therefore most likely reflects the flexibility of the cupula, the
compliance of which dominates the stiffness coupling to the underlying sensory
epithelium. An estimate of the effective displacement at the level of the hair
bundles, by extrapolating the cupular shape from the two lower levels measured
(Fig. 4A; 8 and 19 µm), shows the extent of motion at the hair bundle level to be 20
to 30% of the motion at a 25 µm level. This corresponds to a mechano-sensitivity
at the level of the sensory hair bundle tips, of 0.25 to 1.25 nm/(µm/s) as transferred
by the cupula from the fluid outside the boundary layer.

Effect of the boundary layer on cupular excitation of superficial neuromasts
The fluid driving the different parts of SN cupulae can be expected to be part of the
frequency-dependent boundary layer formed along the fish skin. The frequency
dependent boundary layer thickness, )( fδ  (Eq. 5), will be larger than the height of
the cupula (about 45 µm) at frequencies smaller than approximately 300 Hz, i.e. the
assumed physiological range.

We have therefore combined the hydrodynamic model of the cupula (Eq. 1)
with the hydrodynamic characteristics of an oscillatory boundary layer (Eq. 4). The
combined description (Eq. 6) captures many details of the measurements on
frequency dependence of the cupular mechano-sensitivity (Fig. 3C). This
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substantiates the role played by the boundary layer associated with the fish’ skin in
shaping the stimulus to a superficial neuromast, similar to the filtering effect of a
canal in the case of canal neuromasts (van Netten, submitted; Kalmijn, 1987).

At low frequencies (< 10 Hz) the model predicts a reduced mechano-
sensitivity that is not firmly supported by the measurements on individual
measurements, but neither contradicted (Fig. 3A). Clearer, however, is the
discrepancy of the combined model with the phase measured at low frequencies.
The explanation for this discrepancy may be related to modelling a small part of
the cupula at a specific height (z0) by a (half)sphere. Modelling the cupula as a
flexible beam or cylinder, excited differentially along its height, can therefore be
expected to improve the description. Another factor that may influence the
observed discrepancy between data and model is the fluid stimulus presented. In
contrast to natural stimuli, the targeted stimulus produced by the fluid jet pipette
may have less interaction with the fish’ skin, so that the boundary layer does not
fully develop. This might also be a source of variance, because the positioning of
the jet pipette varies with each experiment, causing differences in the fluid-skin
interaction and thus the degree of development of the boundary layer. To get a
better understanding of the mechanical input to the cupula, the interaction of the
fluid jet with the fish’s skin has to be studied in more detail.

Time constant of cupular impulse response
Although the combined model description is limited at low frequencies, it
nevertheless allows for a prediction of the timing of cupular displacement in
response to a fluid velocity pulse (cf. Ćurčić-Blake and van Netten, 2005). Based
on the mechano-sensitivities that are in the range of a few nm/(µm/s), which is
equivalent to a few ms, time-constants of a few milliseconds can be expected for
the cupular impulse response (van Netten, submitted). This is confirmed by the
impulse response curves as calculated from the two models employed to describe
the sensitivity curves, as shown in Fig. 6. The impulse response calculated from the
cupular model without taking the fish boundary layer into account can be well
fitted with a single time constant of about 2.2 ms. The model including the
boundary layer produces a faster initial decay with a time constant of 0.6 ms, but it
also exhibits a slower component of approximately 4 ms with a similar contribution
as the fast component. These calculations indicate that the hydrodynamic excitation
of superficial neuromasts in young zebrafish has similar decay-characteristics as
found in the supraorbital lateral line canal of the ruffe, but it does not show
oscillatory behaviour due to resonance as in canal neuromasts (Ćurčić-Blake and
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van Netten, 2005). Significant different detection properties are discussed in the
next paragraph. 

Comparison between SN and CN
The SN dynamics observed shows low-pass filtering characteristics in response to
fluid velocity, as evidenced by a fairly constant sensitivity at low frequencies, and
a -20 dB/dec decrease beyond the cut-off frequency at about 70 Hz. This value of
the effective bandwidth is about a factor of two higher than the corresponding
value for the clawed toad (Xenopus laevis), 30 Hz (Kroese et al., 1978; Kroese,
1979), and the SN of the trout (Oncorhynchus mykiss), 36 ± 13 Hz (Kroese and
Schellart, 1992), obtained with electrophysiological methods. We do not have data
on adult zebrafish neuromasts, but it is possible that SN frequency characteristics
change during development.

The SN responses found can also be compared to the dynamics of CNs. Fig. 7
shows a comparison of a model fit of typically measured cupular responses of a CN
from the ruffe (Gymnocephalus cernuus) (van Netten, 1991) and the model fit of
the cupula response of the zebrafish SN (taken from Fig. 3C), both plotted as a
function of frequency of fluid displacement. The CN also shows a velocity
sensitive frequency response up to about 100 Hz. At low frequencies the SN
appears to be more sensitive than the CN, whereas the CN is more sensitive around
its resonance frequency at approximately 120 Hz.

Although the sensitivities, as displayed in Fig. 7A, seem to be advantageous
for superficial lateral line systems, an important difference related to the noise in
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Figure 6: Modelled velocity impulse
response of the SN cupula using the
cupula and the combined model.
Cupula model (solid line) has a decay
time constant of 2.2 ms (ft = 6366 Hz,
Nr = 0.011). The boundary model
shows a decay with 2 time constants
with equal contribution of 0.6 and
4.1 ms respectively (ft = 6366 Hz,
Nr = 0.0017, z0 = 34 µm).



CHAPTER 3

58

both systems has to be taken in account. A significant difference exists in the
Brownian noise that will excite both types of cupulae. The Brownian motion
related displacement noise, SkTX =rms , is inversely proportional to the square
root of the stiffness, S, where k is Boltzmann’s constant and T the absolute
temperature (Landau and Lifshitz, 1980). For the typical CN in Fig. 7A this results
in a Xrms of 0.65 nm, whereas the SN with its much lower stiffness will have a Xrms

of approximately 25 nm. The displacement noise of the CN is thus more than one
order of magnitude smaller than that of the SN. The CN has about one hundred
times more hair cells adding to the increased stiffness, effectively leading to the
lower sensitivity at low frequencies (< 65 Hz). If this Brownian input noise is the
largest noise source, it will define the detection threshold of the system at this stage
of the signal processing. Another important peripheral noise source is the
transducer apparatus of the hair cells (chapters 5 and 6), which contributes per hair
cell an effective inaccuracy in the displacement detection of several nanometers.
Assuming that the neuromast’s electrical output will be averaged over all available
hair cells, this inaccuracy can be decreased by the square root of the number of hair
cells. In terms of noise, the CN therefore benefits at two fronts from having a larger
number of hair cells per neuromast. Firstly, it increases the sliding stiffness and
therefore decreases the Brownian displacement noise. Secondly, if the response of
all hair cells is averaged, the accuracy of displacement detection will be improved.
Assuming that the transducer accuracy of a single hair cell is comparable to the
6.5 nm determined in cochlear outer hair cells (see chapter 6), an improvement by a
factor of 10  (10 hair cells) to about 2.1 nm can be predicted for the SN, and a
factor of 1000  for the CN (approximately 1000 hair cells) leading to about
0.21 nm. Both values for the accuracy of displacement detection of the transducer
apparatus are below the displacement induced by the Brownian noise of their
respective cupula. This will thus be the dominant source of noise to the mechanical
detection system. Fig. 6B shows the signal-to-noise ratio of both cupular responses
curves as a function of frequency for a 10 µm/s fluid velocity stimulus. They were
obtained by dividing the frequency responses in Fig. 6A by the total noise
consisting of the quadratic sum of Xrms and the inaccuracy of the transducer
apparatus. The CN clearly has an overall better signal-to-noise ratio, certainly
around its most sensitive frequency of 120 Hz.

The present study shows that zebrafish larvae are a potential model to study
the cupular hydromechanics of SNs. It would be interesting to investigate how the
SNs of these one-week-old fish larvae compare to the superficial neuromasts in the
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and/or SNs in other species. The SN cupulae of the young zebrafish
n to act as velocity detectors for frequencies up to several tens of
ffective stimulus input, however, is largely affected by the
 in the boundary layer. It would be valuable to the understanding of
nits to obtain detailed measurements of the hydrodynamic flow field
a fluid jet stimulus at the fish’ surface around the cupula.
he column shape of the cupula and its compliance should be
 an extended model, to better describe the transfer of external fluid

tual displacements at the level of the hair bundle, which then in turn
o mechano-electrical transfer.
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mparison of SN and CN cupula (A) Modelled cupula sensitivity of the
 incorporating the stimulus attenuation in the boundary layer (solid line,

r = 0.0017, ft = 6366 Hz, z0 = 34 µm) and modelled cupula sensitivity of
 CN (dashed line, parameters: Nr = 70, ft = 10.3 Hz). (B) Signal-to-noise
ction of frequency for a 10 µm/s velocity stimulus. Dotted horizontal line
gnal-to-noise ratio of one. Note the overall superior signal-to-noise ratio
mpared to the SN.
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ABSTRACT
In the first week after birth mechanosensory hair cells from the inner
ear express different channels compared to mature cochlear hair cells.
The major current during this period is carried by potassium via a
delayed rectifier-like current termed IK,neo. We investigated the kinetics
of activation and inactivation of this current. For this purpose we used
the whole-cell voltage-clamp technique in acutely isolated outer hair
cells of newly born mice to measure IK,neo currents in response to
membrane potential steps and describe the current activation using a
Hodgkin-Huxley model. The current activation contains indications of
two underlying mechanisms. Also the partial inactivation is shown to
consist of two voltage-dependent as well as two time-dependent
components. We therefore conclude that IK,neo is brought about by
more than one channel. The detailed kinetic description can help to
clarify the function of IK,neo in early postnatal development.
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INTRODUCTION
The mammalian cochlea contains four rows of sensory hair cells consisting of two
populations: one row of inner hair cells (IHC) and 3 rows of outer hair cells
(OHC). As evidenced by the existence of transducer currents, the hair bundles
already contain mechanotransducer channels at birth (unpublished observations
T.D.; Géléoc and Holt, 2003) even though the hair cells are still under development
and hearing does not start until postnatal day 12 (Ehret, 1983). Close to the onset of
hearing, the ion channel expression in the basolateral membrane changes, turning
the hair cells into high frequency mechanoreceptors with graded receptor potentials
in response to mechanical disturbances to the hair bundle.

Not much is known about the exact types of potassium channels expressed in
IHCs and OHCs during the period just after birth. Both populations of sensory cells
possess a current with delayed rectifier characteristics, termed IK,neo (Kros et al.,
1998), which is the dominating conductance in the basolateral membrane (Marcotti
and Kros, 1999; Marcotti et al., 2003). Despite their similar outward potassium
currents, differences exist in the excitability between the two populations of hair
cells. Under experimental conditions, IHC for instance show spontaneous spiking
behaviour (Kros et al., 1998), whereas OHCs need a current injection to give rise
to an action potential (Marcotti and Kros, 1999).

The kinetic characteristics of the currents and related channels possibly
underlying the differences in excitatory behaviour have not yet been described in
great detail. In this study we obtained data about the activation and inactivation
kinetics of IK,neo in OHC. Based on this information we conclude that IK,neo is
brought about by at least two channel types.

METHODS

Preparation
OHC recordings were made from acutely isolated organs of Corti from SE mice
(Harlan, The Netherlands) ageing between one to six days after birth (P0-P6 where
P0 is the day of birth). Mouse pups were decapitated, after which the head was
sagitally cut in halves. Both sides were placed in extracellular solution on ice,
containing (in mM): 135 NaCl, 0.7 NaH2PO4, 5.8 KCl, 1.3 CaCl2, 0.9 MgCl2,
2 NaPyruvate, 5.6 D-Glucose, 10 HEPES-NaOH, pH 7.4, vitamins and amino acids
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were added from concentrates. The cochlea was subsequently isolated and
transferred in fresh extracellular solution. Using fine forceps the bone was gently
removed. Scala tympani, -vestibuli and the stria vascularis were carefully removed
to isolate the organ of Corti, which was then transferred to an experimental
recording chamber and placed under a nylon grid stretched over a stainless steel
ring to mechanically stabilise the tissue. The remnants of the Reisner membrane
were taken off or bent underneath the nylon grid. The tectorial membrane was
partially removed using a suction pipette.

The tissue was continuously perfused (~30 ml/h) with extracellular solution at
room temperature so that the preparation could be used for several hours. The hair
cells were visualised using an upright transmitted-light microscope (Axiotron,
Zeiss, Germany), which was modified into a fixed stage microscope, using a Zeiss
ACM focussing unit for the translation of the objective (40x water immersion, NA
0.8) along the optical axis. The visualisation of the preparation was enhanced by
Nomarski differential interference contrast optics. The hair bundles on the apical
side of the cells could be clearly visualised while individual stereocilia of the inner
hair cell bundles could be distinguished in many cases. The compact appearance of
the bundle and the absence of blister-like spots in the cell body were used as
criteria to judge the quality of the preparation.

Electrophysiology
The basolateral membrane of an OHC was exposed and cleaned using a suction
pipette (tip diameter 4-6 µm) carefully removing neighbouring cells. Suction forces
were kept minimal in order not to compromise the integrity of the hair cell and its
bundle. Recording electrodes were pulled on a Sutter P97 (Sutter Instruments, CA,
USA) electrode puller from soda glass capillaries (Harvard Apparatus Ltd,
Edenbridge, UK), resulting in tip resistances of about 2.5-3.5 MΩ in extracellular
solution. The shank of the electrodes was coated with a layer of surf wax (Mr
Zoggs SexWax, CA, USA) to reduce the electrode capacitance. The pipette
solution contained (in mM): 145 KCl, 3 MgCl2, 5 Na2ATP, 1 K2EGTA, 5 HEPES-
KOH, pH 7.3. Total membrane currents were recorded under voltage clamp at
room temperature in the whole-cell tight-seal configuration using an Axopatch
200B amplifier (Axon Instruments Inc., CA, USA). Only OHCs from the basal and
basal-middle coil were used in this study. The holding potential was -84 mV,
including a correction for the junction potential of -4 mV. Step changes in
membrane potential were induced by the D/A output of a CED Power 1401 (CED,
Cambridge, UK) under computer control via the external command input (1:50) of
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the amplifier. Protocols were designed using the Signal software package (CED,
Cambridge, UK). The amplifier output was low-pass filtered at 5 kHz (8-pole
Bessel, Krohn-Hite, MA, USA ) and digitised at 20 kHz using the 16 bit A/D
converter of the CED Power 1401 and stored on hard disc.

Off-line analysis was performed using the Signal software package.
Recordings were corrected for linear leak, which was estimated from the change in
current elicited by a 10 mV step in the holding potential. Membrane potentials and
currents were corrected for the residual series resistance (Rs) after compensation
(Rs = 2.2 ± 1.0 MΩ, compensation ranging from 40-80 %). Holding current is
always displayed as zero current. Fitting procedures and final plots were performed
using Microcal Origin 6.0.

RESULTS
Fig. 1A shows representative OHC currents in response to incrementing steps in
membrane potential measured in the whole-cell patch-clamp configuration.
Activation is slow, with an initial delay, and is characterised by an increased rate of
activation upon increasing depolarisation. At the more depolarised membrane
potentials a slow and incomplete inactivation can be observed, which is most
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Figure 1: Typical outward K+ current in neonatal mouse OHC (A) Current
responses evoked by depolarising voltage steps applied to the membrane of a basal
OHC (10 mV increments) coming from a holding potential of -84 mV. Each trace is an
average of 3 repetitions. The actual membrane potentials (Vm), after correction for
the residual series resistance (Rs) are shown next to the traces. (B) Current-voltage
curve for the example shown in A. Current values were obtained at the peaks of the
responses to minimise effects of inactivation. Cell parameters: Vr = -46 mV,
Rs = 1 MΩ, Cm = 4.9 pF, gleak = 3.1 nS
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significant at the largest depolarisations (> 0 mV). The reversal potential of this
current (ranging between -54 and -68 mV) indicates that this current is carried
mainly by potassium, which has a theoretical equilibrium potential (EK) of -83 mV
at 23 °C. The I/V relationship (Fig. 1B) shows that activation starts close to
-60 mV. This delayed rectifier-type K+ current has been previously named IK,neo

(Kros, 1998), and has been shown to be the dominating current in apical OHCs
during the first week after birth (Marcotti and Kros, 1999).

Kinetics of IK,neo

Activation
To minimise the distorting effects of inactivation, the voltage dependence of
activation is expressed as the conductance at the maximal current response.
Maximal currents were determined in each trace (black dots in Fig. 2A) and
normalised peak conductance is then calculated by dividing the maximal current by
the driving force, where the driving force is defined as the applied membrane
potential subtracted by the theoretical value for EK, -83 mV obtained using the
Nernst equation. The normalised peak conductance was plotted as a function of the
applied membrane potential, Vm (Fig. 2B), and fitted by a first-order Bolzmann
function:

Figure 2: Individual current responses and normalised peak conductance.
(A) K+ current in response to 150 ms membrane potential steps ranging form -84 to
+56 mV following a holding potential of -84 mV. At 150 ms Vm is clamped to 20 mV.
Black dots indicate the location of the peak current for each trace. (B) Normalised
peak conductance obtained by dividing the peak currents in A by the driving force
(Vm - EK). Solid line shows a first-order Boltzmann function (Eq. 1) fitted to normalised
peak conductance, Vh = -9.8 mV, S = 10.2 mV.

-90 -60 -30 0 30 60

0.0

0.2

0.4

0.6

0.8

1.0

G
/G

m
ax

Membrane potential (mV)
0 40 80 120 160

0

1

2

3

4

5

6
C

ur
re

nt
 (n

A)

Time (ms)

A B



KINETICS OF OUTER HAIR CELL POTASSIUM CURRENT

1
mh

max
exp1

−















+= S

-VV
G

G  , (1)

where Vh is the potential of half-maximal activation and S is the slope factor.
Fitting Eq. 1 to the normalised peak conductance yields an average value of
Vh = -16 ± 5 mV and S = 10 ± 2 mV (n = 9).

The time dependence of activation was analysed by describing the onset of the
current traces with the Hodgkin-Huxley model (Hodgkin and Huxley, 1952; Hille,
1992). The activating current traces up to the peak current are then described by the
equation:

NtItI ))exp(1()( actτ−−= ∞  , (2)

where I∞ is the steady state current, τact is the time constant of activation, which is
voltage dependent, and N is the number of gates needed to open the channel, which
is chosen to be an integer number. Fig. 3A shows the first 25 ms of the activated
currents in response to different membrane potentials. Eq. 2 was used to describe
the activation of the currents. In cases where the peak was reached within these
25 ms, the range of the fit was limited up to the peak of the current. IK,neo currents
can be described using a model with three gates (N = 3, solid lines) with voltage
dependent values for τact. The model quite well describes the current kinetics except
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for a small deviation during the beginning of the rising phase where the model lags
behind the actual current while tending to underestimate the peak current. The
3-gate model, however, best describes the delayed onset. The voltage-dependence
activation time constant, τact, is shown in Fig. 3B as a function of membrane
potential. Information on τact was only obtained at the membrane potentials leading
to an activation of the IK,neo. No measurements of the rate of deactivation have been
done. The voltage dependence of τact is therefore fitted by an exponential function
(see legend Fig. 3).

Inactivation
When applying depolarising membrane potentials during 150 ms, inactivation of
the evoked responses, such as displayed in Fig. 1A, is only visible for the largest
depolarisations. The 150 ms duration does not allow for the estimation of the extent
of inactivation or its kinetic properties. To do so a double pulse protocol is used
consisting of a 9 s conditioning step to induce (steady state) inactivation at
membrane potentials ranging from -120 to 40 mV with 10 mV increments (Fig.
4A). To probe which part of the current has not been inactivated during the
preceding conditioning pulse, it is followed by a 200 ms test pulse to +100 mV,
forcing open all non-inactivated channels. Since the driving force is equal during
each test pulse, the peak response is proportional to the number of non-inactivated
channels. To allow the channels to return to the steady state at -84 mV, each
recorded trace was followed by an 11 s period at this holding potential. The current
traces during the conditioning pulses clearly show partial inactivation (70 ± 7% at
40 mV, n = 10), which nearly reaches a steady state at 9 s after the onset of the
conditioning pulse. The response to the test pulse is more clearly visible in Fig. 4B
(right panel). The most hyperpolarised conditioning pulse gives rise to a maximal
response in the test pulse, since all channels have recovered from inactivation
during the condition pulse at these negative potentials. In contrast, the test
responses after a highly depolarised conditioning pulse show only an increased
current due to the increased driving force during the test pulse. Peak currents
during the test pulse are normalised to the maximal response and plotted against
the membrane potential of the conditional pulse (Fig. 4C). The voltage-dependence
of inactivation clearly shows two voltage dependent components and a non-
inactivating voltage-independent component, and was therefore fitted by a
summation of two Boltzmann curves and a constant:
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where I/Imax is the current during the test pulse normalised to the maximal current,
Vm is the membrane potential during the conditioning step, V1 and V2 are the
voltages at which half of the channels are inactivated for each of the two
inactivation components, S1 and S2 are the respective slope factors, γ1 and γ2

represent the contribution to the inactivation of both components and γ3, which is
equal to 1 - (γ1 + γ2), is the component that does not inactivate. At the holding
potential (Vh = -84 mV) nearly all channels are in the activatable state. However, at
the resting membrane potential, (Vr , -53 mV), approximately 30% of the current is
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f 200 ms to 100 mV. (B) Details of
he current responses given in A
howing the activation during the first
00 ms of the conditioning step and

he current response during the
00 ms test pulse starting at 9 s. The
embrane potentials applied during

he conditioning pulse are plotted next
o the traces. (C) Inactivation curve consisting of the peak current to the test pulse
ormalised to the maximal test response (I/Imax, filled circles). The solid line is a fit by
q. 3, V1 = -61.2 mV, S1 = 8.7 mV, V2 = -13.4 mV, S2 = 5.6 mV, γ1 = 0.40, γ2 = 0.44.
or comparison the activation curve, obtained using the normalised peak
onductance, is given (G/Gmax, open circles), fitted by Eq. 1, Vh = -9.4 mV, S = 11.4
V.  Dotted line, Vr, indicates the resting membrane potential.
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inactivated (Fig. 4C). 21.4 ± 9.5 % (n = 4) of the current does not inactivate (γ3).
The inactivating part of the current can be subdivided in a component of
35.5 ± 4.7 % (γ1) with a half inactivation point at -60.5 ± 3.2 mV (V1) and slope
factor of 6.8 ± 2.8 (S1) and a component of 44.8 ± 12.8 % (γ2) with a half
inactivation point at -17.8 ± 4.8 mV (V2) and slope factor 7.1 ± 4.7 (S2) (all n = 4).

The rate of inactivation was measured by exponential fits to the decay phase of
the current during the conditioning pulse (Fig. 5A). Similar to the two voltage
dependent components describing the inactivation (Eq. 3), the time dependence has
to be fit using two summed exponential decay functions, each with a decay time
constant and a residual component that does not inactivate. The two time constants
of the current decay (Fig. 5C) cluster around 450 ms (filled circles) and 4 s (open
circles) and do not show a strong voltage dependence between -30 and 40 mV. The
fast decaying component contributes 27.3 ± 3.6 %, the slow decaying component
49.0 ± 3.8 % and the non-inactivating component 23.9 ± 3.9 % (n = 4).

The rate of recovery from inactivation was measured at different
hyperpolarised membrane potentials. The membrane was initially depolarised to
+40 mV for 6 seconds to induce channel inactivation. The membrane was
subsequently hyperpolarised for a duration that increased with each sweep to allow
recovery of inactivation before a test pulse +40 mV was applied. Fig. 5B presents
the superimposed traces showing the recovery in the subsequent test pulses. Peak
responses to the test pulse as a function of the duration of recovery were used to
acquire the rate of recovery. This time-dependence of recovery was described using
a single exponential function and was found to be strongly dependent on membrane
potential, becoming faster with increasing hyperpolarisation (Fig. 5C, triangles).
Extrapolation of the exponential fit to the peak responses obtained after a maximal
recovery period of 500 ms, did not result in a full recovery (data not shown).
However, the 10 second interval between consecutive sweeps during which the
membrane was held at the holding potential did allow for full recovery since peak
responses during the conditioning pulses were equal in size. Although it was not
experimentally tested this suggests that a second slower component is needed to
completely describe the recovery. 

DISCUSSION
In this study we investigated the outward potassium current of the baso-lateral
membrane of the OHCs in neonatal mice, which has been previously termed IK,neo

(Kros, 1998). It is the main conductance in the basolateral membrane during the
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first week after birth and is characterised by a delayed onset and a voltage-
dependent activation starting around -60 mV. It possesses the characteristics of a
delayed rectifier type of channel. This outward conductance is also present in
postnatal IHCs (Kros et al., 1998) up to about day 12 around the onset of hearing
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Figure 5: Rate of inactivation and
recovery from inactivation. (A) Current
traces (light grey) showing the double
exponential time course (fitted solid line)
of inactivation. (B) Recovery from
inactivation was measured using a test
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(Pujol et al., 1998). In OHCs IK,neo increases in current density during the first 5
days after birth (Marcotti and Kros, 1999). Around P8 IK,neo is down-regulated and
the current becomes dominated by the linopirdine-sensitive IK,n (Marcotti and Kros,
1999).

In this study we attempt to further characterise the properties of IK,neo in
postnatal OHC of mice by describing its activation and inactivation kinetics based
on the Hodgkin-Huxley model with a fixed number of gates. In first approximation
the activation kinetics of the current can be described by a model assuming three
gates, which switch to the open conformational state before a conductance change
occurs. The assumption of three gates most adequately describes the initial delay,
but fails to accurately describe the kinetics during the rising phase. Several
assumptions have to be made when using the HH model, which might cause the
model to deviate from the measured current response. The HH model assumes fully
independent gating particles, each being subjected to first-order kinetics, neglecting
possibilities for co-operativity between the subunits. It also assumes one
conductance level for an open channel, which need not necessarily be the case.
Alternatively the channels underlying the IK,neo current could consist of different
sub-units, which might give rise to different kinetics depending on their individual
stoichiometry.

IK,neo is generated by more than one channel
Our data contains several indications suggesting that IK,neo consists of more than
one channel type. The inactivation curve of IK,neo (Fig. 4C) is characterised by two
membrane potential ranges causing partial inactivation. Moreover the rate of
inactivation is characterised by a double exponential time course. If these
properties were to be combined in one channel, this channel should have more than
one conductance level, both of which should independently inactivate over
different membrane potential regions. In IHC it has been shown that 4-AP blocks
one part of the biphasic inactivation curve, removing the current that inactivates at
the more hyperpolarised potentials (Marcotti et al., 2003).

In one of the OHCs the rate of inactivation could best be fit using a single-
exponential function with a time constant of about 4 seconds. Likewise, the voltage
dependence of inactivation also contained one component and was fit by a single
Boltzmann function (Eq. 3, γ2 = 0), which yielded the parameter values
V1 = -66 mV and S1 = 7.3 mV. These values match the ones obtained for the
component inactivating at the more hyperpolarised potential in the other OHCs. It
also had a similar extent of inactivation (78 %), suggesting that the slow
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inactivating component shows partial inactivation and the faster component is fully
inactivating.

Also the measurements of the activation following the conditioning pulse in
the inactivation protocol (Fig. 4B) clearly show two different activation kinetics
depending on the extent of the preceding inactivation. After a depolarising
conditioning pulse, which maximally inactivates the more hyperpolarised-
inactivating component, the activation is very rapid. However, depolarising
conditioning pulses in the range of the more hyperpolarised-inactivating
component show a more gradual activation during the test pulse.

The fact that multiple aspects of the inactivating kinetics of IK,neo require two
parameters suggests that at least two channels underlie this current, both of which
have a similar activation curve (Fig. 2), but different activation kinetics. To test the
possibility of two channels, the rate of activation was re-fitted using a model
consisting of two channels one with two and one with four gates:
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where t is time, I∞ is the steady-state current, τ2 and τ4 are the activation time
constant of the channels with 2 and 4 gates, respectively, and α is the relative
contribution of the 2-gate channel to the current. Re-fitting the data results in an
improved fit of the current activation, which more accurately describes the delay
and the rising phase and the peak response (Fig. 6). The fit results in an almost
equal contribution of both channels. The fit with an increased number of
parameters suggests that rather two channels instead of one underlie the IK,neo

current. An assumption has however to be made on the number of gating elements
in each channel. It can therefore not rule out alternative combinations of gating
elements per channel.

It is interesting to consider how these components could be resolved. In a
whole cell configuration it might be possible to separate them based on their
different inactivating properties. Voltage clamping the cells to -30 mV for a
prolonged period should maximally inactivate the slow-inactivating component of
IK,neo. However, the partial desensitisation leaves about 20% of this component not
inactivated. Applying voltage steps incrementing from -30 mV should then mainly
evoke activation of the fast-inactivating component, which starts inactivating from
about -30 mV and higher.

To obtain more decisive evidence on the contribution of different components
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results in an increased resting conductivity, which contributes to a decrease in the
membrane time constant. It also changes the hair cell response into a receptor
potential rather than a (spontaneous) action potential.

In OHCs the change in channel expression also correlates with the onset of
electromotility (Marcotti and Kros, 1999; Dallos and Fakler, 2002). Electromotility
is thought to be caused by voltage-activated conformational changes in a
membrane associated protein called prestin (Liberman et al., 2002). There is no
reason to presume that electromotility would not be operational in the presence of
IK,neo and a correlation of electromotility with up-regulation of IK,n might be non-
causal.

A second process correlating with the time of IK,neo down-regulation is the
change in ionic content of the endolymph giving rise to the endocochlear potential
(EP). In mice the development of the EP takes place during P6-14 (Fernandez and
Schmidt, 1963; Steel and Barkway, 1989; Sadanaga and Morimitsu, 1995). The
endolymphatic concentrations of monovalent ions have been described to reach
adult concentrations at P7 before the full development of the EP (Yamasaki et al.,
2000). As a result of these ionic changes an increased driving force for cations
(especially K+) develops across the transducer channel. IK,neo would not be a
suitable channel to expel the increased K+ entry for its relative high activation
potential and its inactivating properties. The gradual changes in OHC potassium
conductance as described by Marcotti et al. (1999) nicely match the temporal
development of the EP. 

It is also very likely that the excitability of the neonatal hair cell membrane is
used to strengthen auditory pathways during early development, as is suggested for
IHCs that show spontaneous spiking under experimental conditions. However,
OHCs only show spiking behaviour after a small current injection, and also show
far less afferent contacts.

The present study investigated elementary kinetic aspects of IK,neo. To fully
understand the function of IK,neo in a still maturing cochlear environment more
information needs to be obtained. Besides a single channel/pharmacological
approach to segregate the underlying channels, their relative contribution to IK,neo

along the basilar membrane might give insight to a possible role in the frequency
distribution. The kinetic information can further be used to model the interplay
between IK,neo and other ligand- and voltage-gated ion channels present in the
basolateral membrane.
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ABSTRACT
Transducer channels of mammalian outer hair cells may not be fully
silenced during stimulation of the hair bundle into the inhibitory
direction (< -50 nm). A recently formulated three-state model,
assuming a state-dependent mechanical engagement of the
transducer channel, accounts for this incomplete deactivation (van
Netten and Kros, 2000). Moreover, the model suggests a specific
function for calcium in controlling the transducer current, by
modulating the energy gaps between the conformational states of the
channel.
Combining this differentially activating model with experimental results
on the gating of transducer currents, we attempted to estimate the
consequences of this mode of engagement for the processing of
mechanical signals by sensory hair cells.
We found that the channels transduce small mechanical signals most
efficiently into transducer currents when the hair bundle is deflected
some tens of nanometers away from its equilibrium position. The
results are in line with a specific role of calcium in optimising the
transducer efficiency and are possibly related to the calcium-
dependent phenomenon of adaptation in mechano-electrical
transduction.
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INTRODUCTION
Hair cells encode the mechanical signals received by their hair bundles into
electrical signals for subsequent transmission to the brain. The first stage in the
cascade of events that underlies this mechano-electrical transduction process
consists of a mechanically induced change in open probability of the hair cell’s
transducer channels. These channels are located in the hair bundle’s tip region and
are most likely engaged by elastic elements that are tensioned in response to a
positive deflection of the hair bundle.

Recently, in mammalian hair cells, in addition to the gating compliance
(Howard and Hudspeth, 1988; van Netten and Khanna, 1994; Ricci et al., 2002), a
discontinuous step in the bundle’s mechanics was found when deflected more
negatively than approximately -50 nm (van Netten and Kros, 2000; Géléoc et al.,
1997). This discontinuity was interpreted as a mechanical disengagement of the
transducer channels and could be directly linked to the measured displacement-
independent (finite) open probability of the transducer channels in this deflection
range (van Netten and Kros, 2000). A new differentially engaging three-state
(C1,C2,O) model was proposed that accurately describes this mechanical aspect of
elastic activation of the transducer channel.

The model is based on six parameters that directly relate to the underlying
physics: three engaging positions (XC1, XC2, XO), defining the bundle’s deflection at
which each of the individual states is being engaged, the spring constant (Kgs) of
the engaging elastic element, which is assumed to be the same for all states, and
finally the two values of the energy gaps (ε2,1, ε0,2) that energetically separate the
three conformational states in the deactivated range (see Fig.1). Variation of these
energy gap values has been shown (van Netten and Kros, 2000) to describe the
experimentally observed effects that variation of extracellular calcium
concentration has on the open probability, po(X) (Crawford et al., 1991). Increasing
the (summed) energy gap, ∆ε, corresponds to increased calcium concentrations,
which cause transducer current-displacement curves to shift to the right along the
displacement axis, a process that physiologically has been described as adaptation.
Lowering the energy gap value has the opposite effect.

In the present paper the performance of the first step in hair cell transduction is
investigated by estimating the signal-to-noise ratio of outer hair cell transducer
channels. Related new experimental results are shown to be adequately described
by the differentially activating model. It is concluded that the process of adaptation
may be involved in adjusting and possibly optimising the signal-to-noise
performance of this early stage in mechano-electrical transduction in hair cells.
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 signal-to-noise ratio of hair cell transducer channels
 transducer current signal, SI(X), of a hair cell containing n identical operational
sducer channels in response to a small change, ∆X, around a static
lacement, X, of its hair bundle is defined here as:

XdX
XdpniXS ∆)()( o

I = , (1)

, i, the current flowing through one transducer channel with a unitary
ductance of 112 pS (Géléoc et al., 1997), which amounts to about 9.4 pA at the
ing potential used in this study (-84 mV). Equation 1 expresses that the change

he hair bundle’s position is assumed to be the relevant signal to be processed
 not its absolute position. In the experiments ∆X was about 10 nm. The results
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igure 1: State energies of the three conformational states defined by the
ifferentially activating model of the transducer channel (van Netten and Kros,
000). Parameters are: XC1 = -42 nm; XC2 = 16 nm; XO = 41 nm; Kgs = 7.3 µN/m;
2,1 = 3.6 kT; ε0,2 = 0.9 kT. Using these parameters, the open probability, po(X), is
ompletely dictated by the Boltzmann distribution. Increasing ∆ε = ε2,1 + ε0,2

imulates increased extracellular calcium and shifts the resulting po(X) to the right,
ecreasing ∆ε has the opposite effect.
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of SI are displayed as the current change caused by a change in hair bundle position
of 1 nm.

The hair cell transducer channel is assumed to possess 3 conformational states
with just 2 conductance levels, open or closed. The probability of populating the
open state is po(X), that of the 2 closed states is (1 - po(X)). The total (r.m.s.)
current-noise, NI(X), of n independent channels can then be calculated:

( ))(1)()( ooI XpXpniXN −= , (2)

which combines with Eq. 1 in the (power) signal-to-noise ratio of the summed
transducer channels of a hair cell:
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Experiments
Acute preparations of 6 to 7 day old CD1 mice (P6-7) were used to record
transducer current in response to fluid jet stimulation of the hair bundle.
Transducer current of outer hair cells was measured using the tight seal whole cell
configuration, with a holding potential of -84 mV. Extracellular solution contained
(mM): 135 NaCl, 5.8 KCl, 1.3 CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 2 NaPyruvate,
5.6 D-glucose and 10 HEPES, pH 7.5, vitamins and amino acids were added from
concentrates. Intracellular solution contained (mM): 147 CsCl, 2.5 MgCl2,
2.5 Na2ATP, 5 HEPES, 1 EGTA-NaOH, pH 7.3. Pipettes were pulled from soda
glass and coated with wax. Hair bundle displacement was measured using a
differential photodiode system and was recorded simultaneously with the
transducer current (Géléoc et al., 1997). The RC-time imposed on the
measurements by the series resistance of the patch restricted current measurements
to a bandwidth of approximately 10 kHz.

Fluid jet stimuli were generated and measured signals recorded using a Power
1401 data acquisition board in combination with the Signal software package
(CED, Cambridge, UK). Stimuli were filtered at 2 kHz. Current and displacement
recordings were filtered at 5 kHz and sampled at 50 kHz.

A step protocol displaced the bundle with incrementing steps of about 20 nm
during 150 ms, alternating positive and negative hair bundle deflection. Current-
displacement curves were constructed by displaying the step current response as a
function of the simultaneously measured step displacement of the hair bundle
between 50 and 100 ms after stimulus onset (Fig. 2A, triangles). Another protocol
(double-sine), consisting of a sum of two sine waves (f1 ~ 49 Hz and f2 ~ 1563 Hz),
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displaced the bundle quasi-statically through a large part of its dynamic range at
frequency f1, while the transducer channel’s signal sensitivity, SI(X), was probed at
X, with frequency f2 and an amplitude of about 10 nm.

Current-displacement relationships using the double-sine protocol were
constructed by extracting the current response at f1 from the total current and
displaying it as a function of the associated hair bundle displacement at f1 (Fig. 2A,
squares). The envelope of the remaining f2 component was calculated and plotted
as a function of the associated f1 displacement to obtain signal-displacement
curves, SI(X), (Fig. 2B, squares). All experiments were performed at room
temperature.

RESULTS AND DISCUSSION
Figure 2 shows the results as obtained from a mouse apical outer hair cell (P6). In
panel A the current-displacement functions are shown as obtained using the two
different stimulus protocols described in the methods. The double-sine protocol
(squares) produces steeper slopes, while similar currents are obtained at smaller
hair bundle deflections in comparison to the step protocol (triangles). A plausible
explanation may lie in the different degree of adaptation evoked by the two
protocols. The double-sine protocol, specifically designed to directly measure the
signal, SI, of transducer channels, obviously comprises a less adaptive way to
induce transducer currents than the static step stimuli. The parameters used to fit
the two curves (solid lines) also reflect a difference in adaptation. The (summed)
energy gap, ∆ε, is higher for the step-evoked currents (4.9 kT) than the double-
sine-evoked currents (4.5 kT). It has been shown previously that an increase of ∆ε
can simulate an increased extracellular calcium concentration or a more adapted
state (van Netten and Kros, 2000). In addition, the engaging position of the open
state, XO, is shifted 10 nm to the left for the step-evoked currents as compared to
the double-sine-evoked situation. 

Figure 2B shows the signal, SI, as measured with the double-sine protocol. It
shows that under this condition the transducer channels are most sensitive at a hair
bundle displacement of about 40 nm, reaching a maximum of about 15 pA/nm.

The measured signal (Fig. 2B squares) was modelled (Fig. 2B solid curve) by
applying Eq. 1 to the solid curve in Fig. 2A, describing the current in response to
the (slow) f1 component (~ 49 Hz) of the double-sine protocol. Values so obtained
had to be multiplied by a factor of 1.5 (Fig. 2B, solid curve) to fit the measured
signal (Fig. 2B, squares), reflecting the smaller degree of adaptation at the higher f2

component (~ 1563 Hz).
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Figure 2C depicts the r.m.s. noise of the same outer hair cell, as measured
during the step responses over a 50 ms time period. The values are displayed as a
function of hair bundle displacement, which was reduced with a factor of 1.6 with
respect to the actual measurement. This rescaling of the X-axis effectively describes
the differences between the two measurement protocols and facilitates a proper
comparison of the measured noise data with the signal, SI, obtained using the
double-sine protocol. Also, the measured r.m.s. noise was actually a factor 2.13
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Figure 2: Signal, noise and their ratio of current through transducer channels
in a mouse apical OHC. (A) Transducer current of an OHC in response to a fluid jet
producing forces with increasing steps (triangles) and, measured continuously, in
response to a fluid jet producing low frequency (49 Hz) forces using the double-sine
protocol (a small selection of data points is shown as squares). (B) Current signal in
response to small variations (∆X = 1nm) of the hair bundle around a quasi-static
position X, measured using the double-sine protocol in the same OHC as shown in A.
(C) Noise (r.m.s.) of the same OHC measured during the step responses displayed in
A (triangles). To facilitate comparison with the responses measured with the double-
sine protocol, the noise measured during the step stimuli is displayed with a
contracted X-axis (factor 1.6) commensurate with the apparent difference in the two
transfer-curves in A. (D) Signal-to-noise ratio of transducer current obtained by
dividing the signal displayed in B by the noise shown in C. Apart from the solid line
through the triangles in A (step protocol), all solid lines in A, B, C and D are based on
the parameter set of the model given in the caption of Figure 1 and Eqs. 1,2 and 3.
n = 85. The solid line through the triangles (step protocol) is based on: XC1 = -42 nm;
XC2 = 16 nm; XO = 31 nm; Kgs = 7 µN/m; ε2,1 = 3.2 kT; ε0,2 = 1.7 kT; n = 74.
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less than plotted in Fig. 2C. This multiplication factor was used to obtain a best
match between the measured and calculated noise (Fig. 2C solid curve). A probable
explanation lies in the limited bandwidth (0-5 kHz) that was used to measure the
current noise during the step responses. The noise spectrum of a three-state channel
can be shown to consist of a double Lorenzian with cut-off frequencies related to
the rate constants of the transitions between the states (Colquhoun and Hawkes,
1995). Transducer channel current noise spectra have been measured in frog
saccular- and turtle auditory hair cells with cut-off frequencies of 250 and 1185 Hz
respectively (Holton and Hudspeth, 1986; Ricci, 2002). The present OHC current
noise was found to be flat within the filter bandwidth used (5 kHz). Since cochlear
outer hair cells may have rate constants that exceed this bandwidth, we may have
measured only a fraction of the current noise present. An estimate based on the
ratio (0.22) between measured and calculated (power) noise predicts a channel
noise spectrum bandwidth of at least 20 kHz, suggesting relatively fast rate
constants in mammalian hair cells. In this estimate we neglected the effect of
bundle noise and other sources that could contribute to the current noise.

Figure 2D finally shows the signal-to-noise ratio as obtained by taking the
ratio of the measured data shown in panel B and the solid curve in panel C. The
solid line depicts the signal-to-noise ratio resulting from the model. Both results
show that the signal-to-noise ratio peaks at a hair bundle deflection of about 40 nm
where it reaches a value of 0.37. It should be noted that this is the signal-to-noise in
response to a change in hair bundle position of 1 nm. Another way to characterise
this result is to define the noise-equivalent stimulus amplitude (NESA) as the
change in hair bundle position that produces a response signal equal to the noise.
The NESA ranges from a minimum of about 2.7 nm around a static deflection of
40 nm to very high values at negative deflections. At the equilibrium position of
the hair bundle, the NESA amounts to 5.3 nm.

Adaptation has been shown to effectively shift a hair cell’s operational point
and may also affect the slope of current-displacement curves. The related signal-to-
noise ratio will therefore also be controlled by adaptation. The present results were
obtained at extracellular calcium concentrations of 1.3 mM. However, the calcium
concentration of the cochlear endolymph is much lower (~30 µM; Bosher and
Warren, 1978). At such low extracellular calcium concentrations the current-
displacement curve may shift several tens of nanometers to the left (Crawford et
al., 1991). Under in vivo conditions hair cell transducer channels may therefore be
expected to reach the optimal signal-to-noise ratio closer to the resting position of
the hair bundle than found under the present experimental conditions.



Chapter 6
Channel gating forces govern

accuracy of mechano-electrical

transduction in hair cells

van Netten, S.M., Dinklo, T., Marcotti, W. and Kros, C.J. (2003)
Proc. Natl. Acad. Sci. U.S.A. 100, 15510-15515



CHAPTER 6

86

ABSTRACT
Sensory hair cells are known for the exquisite displacement sensitivity
with which they detect the sound-evoked vibrations in the inner ear.
Here, we determine for the first time a stochastically imposed
fundamental lower bound on a hair cell’s sensitivity to detect
mechanically coded information arriving at its hair bundle. Based on
measurements of transducer current and its noise in outer hair cells
and the application of estimation theory, we show that a hair cell’s
transducer current carries information that allows the detection of
vibrational amplitudes with an accuracy of the order of nanometers.
We identify the transducer channel’s molecular gating force as the
physical factor controlling this accuracy in proportion to the inverse of
its magnitude. Further, we show that the match of stochastic channel
noise to gating spring noise implies that the gating apparatus operates
at the threshold of negative stiffness.
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INTRODUCTION
The main peripheral structure that constitutes the mammalian sense of hearing is
the cochlea, a snail-shell shaped cavity in the temporal bone filled with fluid
(Dallos, 1996). Sound, via the middle ear, excites these cochlear fluids, which
transmit their motion via the organ of Corti to the hair bundles of the sensory hair
cells. The hair cells perform the actual mechano-electrical transduction in the ear.
They encode the mechanical motion of their hair bundle into a change of the open
probability of mechanically-gated transducer channels, resulting in a variation of
inward transducer current (Hudspeth, 1989; Fettiplace et al., 2001). This signal, the
first electrically coded stage in the signal-processing cascade of the ear, is further
transformed by the hair cells, most likely also via electro-mechanical feedback
(Hudspeth, 1997; Dallos and Fakler, 2002), and sent to the brain.

From the brain’s point of view, the transducer channels thus serve as a window
onto the mechanical events in the cochlea, which carry the sound-evoked
information. Here, unlike most other approaches in hair cell research, we also
follow this information-upstream direction, and determine the accuracy with which
the position, X, of a hair bundle can be detected given a certain transducer current,
I. Since ion channels have intrinsic stochastic properties that derive from their
thermal activation, a specific deflection, X, may result in a range of possible
transducer currents. Conversely, in the information-upstream direction, this means
that a specific transducer current, I, can result from a range of different deflections
of the hair bundle, each having a specific probability of evoking that current. The
variance of these deflections will be used here as a measure of accuracy of
mechano-electrical transduction.

In addition to this intrinsic channel accuracy, the elastic elements that have to
be tensioned to engage the transducer channels’ gates will also convey Brownian
noise to the channels and consequently will additionally impair the accuracy with
which a transducer current can be decoded into the evoking hair bundle deflection, X.

The two-state gating spring model (Howard and Hudspeth, 1988) of mechano-
electrical transduction is used to describe the overall accuracy in terms of its gating
parameters and thus allows for the identification of the physical limitations of
mechano-electrical transduction in hair cells.
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MATERIALS AND METHODS

Electro- and mechanophysiology
Experiments were performed on apical-coil outer hair cells obtained from acutely
isolated organs of Corti taken from CD-1 mouse pups. Animal procedures were
regulated under UK Home Office guidelines.

Transducer currents in response to fluid jet stimulation were measured under
whole-cell voltage clamp, using an EPC8 patch clamp amplifier (HEKA, Germany)
at a -84 mV holding potential (including a -4 mV liquid junction potential
correction). Outer hair cells investigated using the dynamic stimulus protocol (see
Data analysis) were obtained between postnatal days 5 and 7 (P5-7). Pipettes were
pulled from soda glass and thickly coated with wax. Extracellular solution
contained (mM): 135 NaCl, 5.8 KCl, 1.3 CaCl2, 0.9 MgCl2, 0.7 NaH2PO4,
2 NaPyruvate, 5.6 D-glucose and 10 HEPES, vitamins and amino acids were added
from concentrates (pH 7.5, 306 mOsm/kg). Intracellular solution contained (mM):
137 CsCl, 2.5 MgCl2, 2.5 Na2ATP, 10 Na2Phosphocreatine, 5 HEPES, 1 EGTA-
NaOH (pH 7.3, 292 mOsm/kg). The contribution of basolateral channels to the
measured currents was eliminated by the holding potential used and by the
replacement of potassium by caesium in the intracellular solution. The average
series resistance was 2.7 ± 0.7 MΩ (n = 11) after compensation, the average
membrane capacitance was 6.2 ± 0.3 pF (n = 11) resulting in a typical noise value
of about 1.7 pA2 integrated over the recording bandwidth, which was corrected for
in the noise measurements. The average membrane input resistance was
435 ± 195 MΩ (n = 11). Current signals were low-pass filtered with cut-off
frequencies at 2.5 or 5 kHz ( f -3dB, eight-pole Bessel), which was always below the
cut-off frequency imposed on the measurements by the series resistance of the
patch.

Hair bundle displacement was measured using a differential photodiode
system, which was low-pass filtered ( f -3dB = 5 kHz, eight-pole Bessel) and
recorded simultaneously with the transducer current (Géléoc et al., 1997). The
r.m.s. noise due to the displacement measurement technique was about 0.3 nm.
Fluid jet stimuli were generated and elicited responses were recorded using a
Power 1401 data acquisition board in combination with the Signal software
package (CED, Cambridge UK). Generated stimuli were low-pass filtered
( f -3dB = 2 kHz, eight-pole Bessel). Current and displacement recordings were over-
sampled at 50 kHz, to allow a proper analysis of the response envelope of the high
frequency component ( f2, see Data analysis). Hair bundle stiffness was measured
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in response to force steps as described before (Géléoc et al., 1997) in cells held at
-84 mV, at P7 and P19 (see Discussion). All experiments were performed at room
temperature (≈ 25° C).

Cramér-Rao bound on transducer accuracy
A discrete version of the Cramér-Rao inequality (Papoulis, 1991; van Trees, 1968)
is used to determine a lower bound of the variance of any possible unbiased
estimator, X̂ , of hair bundle displacement, X, from a conditional probability
density function ( ) ( )XnpXIp || o= . This function expresses the probability of a
total transducer current, I, entering the cell through no open channels, given a
position, X, of the hair bundle’s tip. Here, oniI ⋅= , where i is the current flowing
through one open channel. The variance, 2

X̂σ , of the estimator, X̂ , of the input
parameter, X, is then equal to, or greater than the Cramér-Rao bound, 2

minσ , which
stems from intrinsic channel stochastics described by ( )Xnp |o  according to:
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The inverse of )(2
min Xσ  is usually referred to as the information, )(XInf , about X

contained in I (Papoulis, 1991), and in this case has dimensions equal to m-2.
Assuming a total of Nch equal and independent operational channels, we may use
the binomial distribution for ( )Xnp |o  (Colquhoun and Hawkes, 1995). Then,
evaluating the right-hand side denominator of Eq. 1 yields for the information:

( )
( ))(1)(
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2
och

XpXp
XpNXInf

−
′

= (2).

Here, po(X) is the (average) open probability and )(o Xp′ is the derivative of po(X)
with respect to X. The information as given by Eq. 2 appears to be closely related
to an empirically defined integrated-band signal-to-noise ratio of hair cell
transduction (Dinklo et al., 2003). In that study it was proposed that a transducer
current power signal, IS , in response to a small bundle displacement power, 2∆X ,
around operational position, X, is related to the change of the channel’s open
probability according to: [ ]2

ochI ∆)()( XXpNiXS ′= , while the transducer current
noise power is given by: ( ))(1)()( ooch

2
I XpXpNiXN −=  (Holton and Hudspeth,

1986). Combined with the new identity in Eq. 2, this means that the signal-to-noise
ratio of hair cell transduction equals the information times the displacement power
of its bundle: 2

II ∆XInfNS = . Conversely, our present result also shows that the
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Cramér-Rao bound on the accuracy, Inf/12
min =σ  (Eq. 1), equals the value of hair

bundle displacement power, 2∆X , that results in a signal-to-noise ratio of the
transducer current, I, of one ( 1II =NS ).

Two-state gating spring model
For each channel the basic two-state gating spring model assumes the action of a
gating spring, which at one end is driven by the hair bundle and at the other end
engages the channel’s gate (Howard and Hudspeth, 1988; Markin and Hudspeth,
1995). Thermodynamics then shows that the open probability of the channel,

)(o Xp , is a sigmoidal function of hair bundle position X (Fig. 1a), and can be
expressed in terms of the gating spring constant, Ks, and the conformational swing
of the channel, D, both as measured at the hair bundle’s tip:

( )( )[ ] 1
0so /exp1)( −−−+= kTXXDKXp . Here, k is Boltzmann’s constant, T is

the absolute temperature and X0 defines the displacement at which )(o Xp = 0.5.
The product, DK ⋅s , has been termed gating force, Z, (Howard and Hudspeth,
1988) and defines an effective operational range of hair bundle displacements,

ZkTΛ 690 = , centred at X0 (Fig. 1a), within which the open probability is about
90% modulated, apart from the effect of adaptation (Eatock, 2000). The model also
defines an ensemble averaged stiffness, )()( gcsch XKKXK −= , of each spring-
channel complex (Fig. 1b). This stiffness thus consists of the gating spring
constant, Ks, and in addition includes a displacement dependent reduction,

( ) kTXpXpZXK )(1)()( oo
2

gc −= , which is related to the extent of gating and
therefore termed gating compliance (Howard and Hudspeth, 1988).

The two-state model, extended to also describe differential engagement (van
Netten and Kros, 2000) of the two states, was used to generate fits to the measured
data and results (e.g. Figs. 2b, 2c and 2d, solid lines). Differential engagement has
been introduced to the description of gating of mechano-electrical transducer
channels to account for the finite minimum open probability observed at hair
bundle positions more negative than about -50 nm. At these bundle positions gating
spring tension is possibly decoupled from the channel’s gate.

Data analysis
A dynamic stimulus protocol (double-sine), consisting of a sum of two sine waves
( f1 ~ 49 Hz and f2 ~ 1563 Hz), displaced the bundle through a large part of its
operational range (Fig. 2a). Using the double-sine protocol, )(o Xp  relationships
(Fig. 2b) were constructed by low-pass filtering of the current response to obtain
the low frequency ( f1) component and its harmonics and displaying them as a
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function of the associated low-pass filtered hair bundle displacement. The envelope
of the remaining f2 current component was calculated and plotted as a function of
the associated displacement component at f1 to obtain )(o Xp′  curves, (Fig. 2c). The
two-state model was used to fit the )(o Xp and )(o Xp′  data simultaneously. To
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Figure 1. Effects of differing noise contributions on a single gating spring-
channel complex. (A) open probability, )(o Xp , and (B) related ensemble averaged
stiffness curves, )(ch XK , calculated with the two-state model (Howard and
Hudspeth, 1988). The gating spring constant, Ks, was fixed (7.5 µN/m) while two
different values of parameter D (33 and 57 nm) result in 100 nm (dashed) and 57 nm
(solid) for Λ90 as indicated via the modulation range of open probability of 0.9. This
corresponds to a gating force, Z, of 248 fN (dashed) and 429 fN (solid) respectively.
The associated noise matching parameters, 2

cM , are 0.5 (dashed) and 1.5 (solid). In
the latter case the intrinsic channel noise, )( 0min Xσ 2 , is smaller than the Brownian
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match the associated )(o Xp  relationships, )(o Xp′  data were linearly scaled with a
factor (average 0.83 ± 0.09, n = 11), most likely reflecting differences in adaptation
(Eatock, 2000) at the two frequencies ( f1 and f2).

Current noise was determined over about 100 ms time windows during steps
of different bundle position, X. Noise power density spectra were determined using
Bartlett’s periodogram-averaging method (5x averaging), using a Taylor-Kaiser
window (β = 1.8) (Fante, 1986).

Unless indicated otherwise, data are presented as the mean ± s.d., with the
number of observations in parentheses.

RESULTS

Intrinsic channel stochastics
In the Methods section it is derived how the intrinsic stochastic properties of Nch

independent and equal transducer channels with an open probability, )(o Xp , limit
the accuracy with which a hair cell’s bundle position, X, can be optimally detected.
This accuracy, or Cramér-Rao lower bound, minσ , is the inverse of  the property
referred to as information, Inf(X), about X contained in I and depends on Nch,

)(o Xp  and its derivative, )(o Xp′ , according to Eqs. 1 and 2. The interpretation of
minσ  as the accuracy of mechano-electrical transduction is further illustrated by the

demonstration that 2
minσ  equals the bundle displacement power that leads to a

transducer current with a signal-to-noise ratio of one (see Methods and Dinklo et
al., 2003).

Cramér-Rao bounds on transducer accuracy, )(min Xσ , were determined in 11
apical-coil outer hair cells from simultaneous measurements of transducer current
and the position of the hair bundle, which was stimulated with a fluid jet. Figure 2a
shows an example of hair bundle displacement (upper trace) and evoked current
(lower trace) measured in response to the double-sine stimulus protocol used. This
stimulus contained a large amplitude low frequency component (49 Hz, one period
shown) and a small amplitude high frequency component (1563 Hz, 32 periods
shown). Filtering of the responses enabled the construction of )(o Xp curves from
the low frequency components (data points, Fig. 2b). The amplitude of the
envelope of the high frequency component in the current response effectively
probes the derivative with respect to displacement, X. This allows the independent
determination of )(o Xp′  curves when plotted against the low frequency component
of the displacement (data points, Fig. 2c). The number of operational channels per
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cell, Nch, was determined from the saturation current in each cell in combination
with the known unitary current (i = 9.7 pA at -84 mV; Géléoc et al., 1997). The
average value found for Nch was 80 ± 26 (n = 11). Figure 2d shows the resulting
lower bound, )(min Xσ , as obtained by substituting Nch and the measured

)(o Xp and )(o Xp′  data from the same two cells as shown in Figs. 2b and 2c, in
Eqs. 1 and 2. The average optimal accuracy, minσ , amounts to 5.9 ± 1.9 nm
(n = 11, range 2.9 to 9.9 nm) and is reached at a hair bundle position, X, of 44 ± 18
nm (n = 11). This result thus shows that the intrinsic stochastics of the transducer
channels prevents a single outer hair cell to reliably detect mechanical motion of its
bundle smaller than the order of nanometers.

Figure 2. Determination of hair cell
accuracy, )(min Xσ . (A) Measured hair bundle
displacement (Upper) and evoked transducer
current (Lower) versus time in response to the
double-sine protocol consisting of a large
amplitude low frequency (49 Hz) and a small
amplitude high frequency (1563 Hz). Traces
shown represent averages of 18 responses
(bundle height 3.5 µm). (B) Transducer current
as a function of (quasi-static) hair bundle
position, X, in two cells obtained from
responses as in a (open symbols same cell as
in A). (C) Changes of transducer currents in
response to small changes in hair bundle
position normalised to 1 nm as a function of
(quasi-static) hair bundle position obtained
from the same cells as shown in B. (D)
Cramér-Rao lower bound on accuracy of hair
bundle position, )(min Xσ , determined from the
data shown in B and C using Eqs. 1 and 2.
Solid lines in panel B-D give results of fits of
the two-state gating spring model. Parameters
(closed and open symbols respectively): Ks:
6.2, 7.2 µN/m; D: 34, 26 nm; Nch: 74, 66;

)( 0min Xσ : 4.5, 5.4 nm; X0: 41, 33 nm. The
horizontal line shows the almost identical (3.0
and 2.9 nm) Brownian gating spring noise
levels, Bσ , of the two cells.
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Physical limits of transduction
To identify the underlying physics that governs accuracy and related signal-to-
noise ratio of hair cell transduction we evaluated Inf (Eq. 2) in terms of the gating
parameters that define the two-state gating spring model (Howard and Hudspeth,
1988; Markin and Hudspeth, 1995; Materials and Methods). This model was fitted
to the measured )(o Xp  and )(o Xp′ data to obtain the gating parameters for each
cell (e.g. solid curves Figs. 2b-2c). Averages of the results are given in Table 1.
The gating spring model can be considered the most concise quantitative
description to date of observations on the transducer channel’s gating machinery
and allows a straightforward interpretation in terms of its physical parameters. The
most important parameter is the elementary gating force, Z, defined as the product
of the gating spring constant, Ks, and the conformational swing of the channel, D.

Combining the properties of the two-state gating spring model with Eq. 2
reveals that each transducer channel of a hair cell contributes an amount of
information, Inf∆ , to the total information, InfNInf ∆ch= , equal to:

( )
( ) kT

K
kT

XpXpZInf gc
2

oo2 )(1)(∆ =−= (3).

The right-hand side of Eq. 3 offers a useful but also profound insight into the
process of mechano-electrical transduction: the amount of information, ∆Inf, on
hair bundle position conveyed by each transducer channel via its gated current, is
equivalent to the gating compliance, Kgc, divided by the thermal noise energy, kT.
Nonlinear distortion in hair bundle mechanics, caused by gating and characterised
by the gating compliance, Kgc (see Materials and Methods), therefore appears to be
inevitable for information transfer. The amount of information is fundamentally
constrained by the level of thermal noise energy. It is obvious from Eq. 3 that the
information is maximal at 0XX =  ( 5.0)( 0o =Xp ), where it amounts to

( )[ ]22/ kTZ  so that the optimal accuracy in estimating the hair bundle’s position
per channel, )( omin Xσ , is ZkT2 . This theoretical result, with our average
experimental value on Z (174 ± 60 fN, n = 11), leads to about 47 nm per channel
and, for 80 ± 26 operational channels, to 5.3 ± 2.6 nm per cell. This is in line with
the result for the optimal minσ  (5.9 nm), directly obtained from substituting the
experimental results obtained for Nch, )(o Xp  and )(o Xp′  in Eqs. 1 and 2 (Fig. 2d).

When increased, the gating force, Z, seems to limitlessly improve accuracy
( ZkT2min =σ ) and related signal-to-noise ratio of a hair cell. At the same time,
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Table 1. Main parameters used. Values in the second column, when given, were
obtained from fitting the two-state gating spring model to the measured data.

Symbol Value, unit Description
I pA Transducer current
X nm Bundle displacement at the tip
po(X) Transducer channel open probability
Inf(X) m-2 Information about X contained in I
SI pA2 Transducer current power signal 
NI pA2 Transducer current power noise 
Mc 0.50 ± 0.16 Noise matching parameter
Nch 80 ± 26 Number of transducer channels per cell
X0 44 ± 18 nm Bundle displacement at which po = 0.5
σmin 5.9 ± 1.9 nm Intrinsic channel noise (Cramér-Rao bound)
σB 2.8 ± 0.6 nm Gating spring noise
Λ90 156 ± 50 nm Operational range of transduction
D 23 ± 7 nm Conformational swing of the channel
Z 174 ± 60 fN Gating force
Ks 7.4 ± 1.0 µN/m Gating spring constant
Kch(X) µN/m Stiffness of a single gating-spring channel complex
Kgc(X) µN/m Gating compliance
Kngc(X) Gating compliance normalised to Ks

though, this would reduce the effective operational range, ZkTΛ 690 = , within
which hair bundle vibrations are predominantly transduced (po is modulated about
90% within 90Λ , see Methods and Fig. 1a). The requirement for a hair cell to
transduce the physiological range of hair bundle vibrations, therefore, undoubtedly
puts an upper limit on the value of the gating force. The ratio of operational range,
Λ90, and optimal accuracy, )( 0min Xσ , defines an upper bound on the dynamic
range of transduction per channel, which can now easily be inferred to amount to a
factor of 3 (≈ 9.5 dB) and is surprisingly independent of any parameter of the
model. The operational range, 90Λ , of an ensemble of identical but independent
channels is the same as that of one channel. However, increasing the number of
channels to Nch improves their collective optimal accuracy to ( )ch2 NZkT ,
thereby increasing a hair cell’s effective dynamic range to ( )chlog105.9 N+  dB.
Together with the average number of operational channels found (Nch = 80), this
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leads to a theoretical dynamic range of about 28.5 dB. This dynamic range is
consistent with the ratio (28.4 dB) of the average operational range, 90Λ  (156 ± 50
nm, n = 11), and )( 0min Xσ  (5.9 nm), both directly obtained from our experimental
data.

Gating spring noise
So far we have only considered signal-to-noise ratio and accuracy arising from
intrinsic channel stochastics, which, therefore, are solely related to transduction.
However, noise attacks the mechano-transducer system on multiple fronts. At its
input, formed by the gating springs, the system is also susceptible to Brownian
noise fluctuations. When completely transduced, the Brownian noise of a gating
spring evokes a current per channel equivalent to the current evoked by a hair
bundle stimulus variance of s

2
B KkT=σ  (Landau and Lifshitz, 1980). Since we

find from our data a value for Ks of 7.4 ± 1.0 µN/m (n = 11), Bσ  equals on average
an equivalent stimulus of about 24 nm for a single channel. Like minσ , this gating
spring noise also scales down in proportion to the inverse of the square root of the
total number of channels, yielding Bσ = 2.8 ± 0.6 nm (n = 11) per cell. In the
stimulus domain, the variance induced by the gating spring noise, 2

Bσ , can be
expected to add independently to the lower bound on the variance, 2

minσ , as
obtained from the Cramér-Rao inequality.

How do these two noise components compare? Using Eqs. 1-3, together with
s

2
B KkT=σ , yields:

)()(
)( ngc

s

gc
2
min

2
B XKK

XK
X

==
σ

σ (4).

The ratio of the two noise components thus equals the gating compliance, Kgc,
normalised to the gating spring constant, Ks , and is denoted here as Kngc(X). Given
a gating spring constant with associated s

2
B KkT=σ , a smaller summed variance

could be obtained by adjusting the gating force so as to reduce )( 0
2
min Xσ .

Reducing it considerably more than the inescapable level of 2
Bσ  would, however,

not pay off since 2
Bσ  would continue to dominate the summed variance, while the

operational range would, unfavourably, decrease. On the basis of these
considerations, we hypothesise that a hair cell, at X = X0, may operate at closely
matched noise levels ( 2

B0
2
min )( σσ ≈X ), from which it follows that the normalised

gating compliance, Kngc(X0), should be of the order of one (Eq. 4). Interestingly,
this condition is equivalent to each gating spring-channel complex operating close
to the threshold of negative stiffness ( 0)( 0ch ≈XK ) as is obvious from the
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definitions of Kch and Kngc (Methods and Eq. 4). A characteristic matching
parameter, Mc, can therefore be defined according to:

( )kTDKXKXM 4)()( 2s0ngc0
2
min

2
B

2c === σσ . If Mc exceeds one, a region of
negative stiffness of the spring-channel complex exists (Fig. 1b) and gating spring
noise predominates. If, on the other hand Mc is smaller than one, stiffness is
positive and intrinsic channel noise dominates, while if Mc is one the two noise
components in the stimulus domain exactly match at X0, and 0)( 0ch =XK .

To test the noise matching hypothesis ( 1c ≈M ), we determined Mc in outer
hair cells using Ks and D resulting from fits to our data (Table 1). The average
value obtained for Mc is 0.50 ± 0.16 (n = 11) and shows that the two components of
noise at X0 are indeed comparable, as is also apparent from the examples in
figure 2d by comparing the data on )( 0min Xσ  (4.5 and 5.4 nm) to the horizontal
lines representing Bσ  (3.0 and 2.9 nm respectively).

DISCUSSION
Two noise contributions, intrinsic channel stochastics and gating spring noise, both
affecting the primary process of mechano-electrical transduction in hair cells were
quantified. These contributions amount to the order of nanometers, when
interpreted in terms of equivalent hair bundle noise ( minσ  and Bσ ). The optimum
accuracy arising from intrinsic channel stochastics is reached at a deflection, X0,
about 45 nanometer positive of the equilibrium position of the hair bundle, as
measured under our experimental conditions (Fig. 2d). Extracellular calcium
concentrations, such as found in the cochlear endolymph (~30 µM, (Bosher and
Warren, 1978)) have been shown to bring X0 close to the equilibrium position
(Crawford et al., 1991), via a calcium mediated process called adaptation (Eatock,
2000). This process is therefore a likely candidate to maintain optimal detection
accuracy under equilibrium conditions.

On the basis of the hypothesis of matched noise variances in the stimulus
domain ( 2

B
2
min σσ ≅ ) we have demonstrated that the ensemble averaged stiffness of

a gating spring-channel complex of a hair cell becomes negative, a property that
has been reported previously in saccular hair cells (Martin et al., 2000). An
unequivocal direct experimental observation in the stimulus domain of the degree
of matching of the contributions of mechanical gating spring noise and intrinsic
channel noise is beyond present experimental possibilities. However, the
transducer current noise should reflect both components of the variance in the
stimulus domain. We therefore analysed current noise measurements to investigate
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whether they were consistent with the inferences made from our analysis on
intrinsic channel noise and the noise-matching hypothesis.

Figure 3 shows the variance of the current noise measured at different
positions of the operational point, X, of the hair bundle. It is compared with noise
variances (solid lines) predicted on the basis of fits of the gating spring model to
the cell’s measured )(o Xp and )(o Xp′  data (e.g. Figs. 2b and 2c). The prediction
of the total noise variance (solid line I), consisting of the sum of the channel
stochastics (solid line II, )1( oo

2
ch ppiN − ) and gating spring noise (solid line III,

( ) 2
B

2
o

2
ch σpiN ′ ), adequately follows the shape of the measured noise as a function

of hair bundle position, X. However, the predictions were systematically higher
than the actually measured noise with a fixed factor per cell (8.8 ± 3.8, n = 4). The
most likely explanation for the lower noise variance measured is that the low-pass
filter used cuts off the high frequency part of the spectrum, producing the predicted
shape as a function of X, but at a fixed fraction. The steepest roll-off part of the
spectrum of the measured noise power (Fig. 4) indeed follows the high frequency
roll-off of the low-pass filter used (solid line), indicating that the intrinsic cut-off
frequency of the transducer channels is beyond the cut-off frequency of the low-
pass filter. This is in line with measured current responses to steps having rise-time
constants that were found to be limited by the time constant of the stimulus device
used (≈ 50 µs, not shown) corresponding to rate-constants of the channel exceeding

Figure 3. Current noise variance as a function of operational position of the
hair bundle. Measured data points of this cell were multiplied (fixed factor 12.3) to fit
the summed noise (solid line I) predicted from intrinsic channel stochastics (solid
line II, )( ooch ppiN -12  ) and gating springs (solid line III, ( ) 222

Boch σpiN ′  ), using the
fitted parameters describing the measured open probability and its derivative (e.g.
Figs. 2b and 2c).
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Hz. Figure 3 shows that at negative hair bundle positions (< ≈ -50 nm) the
ed data are in agreement with the differential engaging of the two states,
lying a small but constant (≈ 1%) open probability in that range. The related
stant noise in this range excludes the possibility that the noise due to the gating
ngs (solid line III) greatly dominates the stochastic channel noise of the cell
id line II). The scaled measurements are consistent with the predicted ratio of
two noise components of )55.0/( minBc == σσM  for this cell. Three other cells
e analysed and gave similar results. Mechanical noise of the whole non-
ulated hair bundle was measured directly and found to be less than 4 nm2. This

onsistent with the Brownian noise expected from a hair bundle with stiffness of
order of mN/m (Géléoc et al., 1997; Fante, 1986). In the stimulus domain,
le hair bundle noise of outer hair cells is therefore about an order of magnitude
ller than the average summed noise of the gating springs, 2

Bσ  (7.6 nm2), and
insic channel noise, )( 0

2
min Xσ  (34.2 nm2). Neglecting the whole hair bundle

e, this results in an overall optimal accuracy in the detection of hair bundle
ition amounting to )( 0

2
min

2
B Xσσ + = 6.5 ± 2.0 nm (n = 11).

An alternative explanation for the apparent lack in measured noise variance

igure 4. Current noise power spectrum. Current noise spectrum obtained at
 = 25 nm showing that the high frequency roll-off equals that of the eight-pole
essel filter used (solid line, 48 dB/oct), indicating that the intrinsic cut-off frequency
f the channels is beyond the cut-off of the filter.
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that cannot be completely ruled out on the basis of the present experiments is that
the ensemble of Nch operational channels of a cell may, dependent on the stimulus,
effectively split up in sub-ensembles with different open probabilities, leading to a
lower noise variance than expected from Nch independently fluctuating channels.
Such a noise-reducing mechanism may be effected by a feedback mechanism per
channel, for instance Ca2+-binding to the channel (Fettiplace et al., 2001; Hudspeth,
1997), and could thereby improve the cell’s signal-to-noise ratio. If the observed
noise reduction factor (8.8) would completely arise from such a mechanism,

)( 0min Xσ  would decrease with a factor 8.8  and the best overall accuracy in
detecting hair bundle motion (6.5 nm) would be improved by just a factor of 2
leading to 3.4 nm. Channel interaction like the co-operative scheme proposed in a
recent study (Iwasa and Ehrenstein, 2002), is not likely to decrease the channel
noise but instead can be expected to increase it. This can be appreciated from
considering the channel noise of 2chN  independent pairs, each consisting of two
fully co-operating channels, thus effectively having twice the conductance of a
single channel.

Other types of hair cells than the outer hair cells considered here might have
different bundle mechanics and gating parameters resulting in alternative relative
contributions of the individual noise sources. It has been reported that in frog
saccular hair cells bundle noise may dominate (Denk and Webb, 1992) and it has
been suggested that this may serve the phenomenon of stochastic resonance
(Jaramillo and Wiesenfeld, 1998). Also, the ratio of gating spring noise and
intrinsic channel noise ( cminB / M=σσ ) may vary, possibly related to the specific
detection function of a hair cell. Mammalian vestibular hair cells, for instance, may
possess spring-channel complexes with an Mc exceeding one (van Netten and Kros,
2000). Results reported on turtle hair bundle nonlinearity (Ricci et al., 2002) show
that Mc in these cells exceeds 0.75, whereas data on fish lateral line hair cells (van
Netten, 1997) indicate a value of at least one. A recent report on transduction in
frog saccular hair cells (Martin et al., 2000) translates into an Mc of about 1.5. The
associated collective negative stiffness of the gating springs in those hair cells may
even dominate the positive passive stiffness of the hair bundle that results from its
pivots in the apical plate and stereociliary side-to-side links, rendering the isolated
hair bundle as a whole unstable within a substantial region (≈ 20 nm). Evidence
from outer hair cells so far indicates that their hair bundle’s stiffness is dominated
by positive passive contributions (van Netten and Kros, 2000).

What limit is imposed on the threshold of hearing by the noise of the gating
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apparatus of the transducer channel we considered? First we have to consider
whether our results from neonatal hair cells are representative for those in the
mature hearing organ. It has recently been demonstrated that transducer channel
properties of outer hair cells in rats do not obviously change with the onset of
hearing (Kennedy et al., 2003). We found the steady-state bundle stiffness of
transducing mature hair cells at P19 (3.9 ± 1.2 mN/m, n = 7) to be about 25 % less
than the stiffness at P7 (5.1 ± 2.0 mN/m, n = 7). Both values are comparable to
previous results from neonatal cochlear cultures (Géléoc et al., 1997; van Netten
and Kros, 2000). The absolute reduction in hair bundle stiffness exceeds the overall
gating spring contribution (van Netten and Kros, 2000) and is therefore most likely
related to a reduction in the bundle’s passive stiffness resulting from structural
changes of the bundle or the disappearance of the kinocilium during this stage of
development. The latter possibility is in line with a previous report on a relative
kinociliary contribution to the whole bundle stiffness of 10-25% (Rüsch and
Thurm, 1990). Both possibilities would not directly affect the mechano-electrical
transduction process but could lead to displacement noises scaled up with the same
percentage. Also, no signs of spontaneous hair bundle oscillations were found
during the neonatal (P7) or the hearing stage (P19). We may thus assume that
similar transduction-related noise variances as reported here apply to the hair cells
in the mature hearing organ, including the inner hair cells, which most likely
possess very similar transduction characteristics (Kros et al., 1992).

From our results we arrive at a displacement variance of (6.5)2 nm2 contained
within a bandwidth of at least 5 kHz. This corresponds to an upper bound of about
9·10-2 nm/(Hz)½ as a bandwidth-independent inaccuracy per outer hair cell and
could be even a factor of about 3 lower if the hair cells transduce one order of
magnitude faster (50 kHz). Whatever the further signal processing mechanisms, the
inaccuracy set by the elastic engagement of hair cell transducer channels cannot be
circumvented. Obviously, the threshold in terms of a minimal detectable
displacement by a single hair cell may be improved at the expense of the effective
bandwidth. Lowering it for instance down to the range of tens to hundred Hertz
would enable a single outer hair cell, if no further noise is added in the filtering
process, to match the lowest reported threshold of hearing, which in different
organs ranges from fractions of a nanometer to several nanometers (Crawford and
Fettiplace, 1983; Robles and Ruggero, 2001). This same threshold, however, may
also be obtained within a larger bandwidth if more than one hair cell contributes to
the signal processing. Therefore, a combination of ensemble averaging across
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several hair cells and a limited effective bandwidth effected by passive electrical
and mechanical filtering, as well as active electro-mechanical feedback whether
mediated by the hair bundle or by prestin (Hudspeth, 1997; Dallos and Fakler,
2002), would seem required to reach the exquisite displacement threshold that
some hearing organs possess.
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SUMMARY
The measurements in this thesis are all related to the mechanosensory hair cell,
which can be found in several sensory systems sensitive to mechanical stimuli. The
sensory hair cell owes its name to the tuft of stereocilia on its apical side. These
actin-filled pillar-shaped stereocilia are nicely stacked in rows of increasing height,
and when deflected they pivot around their base. The tips of these stereocilia
contain interconnections, the so-called tip links, which are assumed to be
connected to the mechano-transduction channel. Deflection of the bundle in the
direction of the tallest stereocilium causes the tip links to be tensioned, which
directly increases of the open probability of the transducer channel allowing the
selective entry of cations. A deflection in the opposite direction leads to a decrease
in the tension and closure of the channels. The mechanically-gated current induces
membrane depolarisation, triggering voltage-gated calcium channels to open in the
basolateral membrane. An influx of calcium subsequently induces neurotransmitter
release, transmitting the signal to the innervating neurons, which convey and
further process the information in the central nervous system. The entering calcium
also increases the conductance via calcium-dependent potassium channels causing
a repolarisation of the membrane due to the efflux of potassium.

This above description of the sensory hair cell is the minimal representation of
the type of sensory hair cell that is found in several sensory systems. First of all, we
find them in ears, where they enable perception of sounds. Secondarily, we find
them in balance systems, where they are used for the detection of linear and
circular acceleration. Thirdly they are present in the lateral line system of fish and
amphibians enabling them to detect nearby water motion (velocity and
acceleration). Although these sensory systems are sensitive to different types of
motion, the relevant stimulus to the hair cell is the deflection of its bundle. The
actual type of motion (displacement, velocity, acceleration) as well as the
frequency range to which the sensory system is sensitive, is for a large part
determined by the mechanics of the structure into which the hair cells are
incorporated.

This thesis describes studies on these structures but also on individual hair
cells. These measurements on mechanodetectors are experimentally demanding for
several reasons. Firstly, mechano-detectors are often difficult to reach. The hair
cells of the ear for instance are enclosed in a bony structure, called the cochlea,
placed in four rows within the basilar membrane, a piece of tissue with a thickness
of only a few cell layers. Isolating the hair cells without damaging them takes some
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experience. The lateral line system, however, provides easier access to its sensory
units, called neuromasts. These are located at the surface of the fish or just
underneath, in small canals. This even allows for in vivo measurements on hair
cells. Secondly, the sensory hair cells are small and sensitive to displacements
orders of magnitude smaller than its dimensions. A microscope is needed to
visualise the hair cells. The displacements, however, are so small that they are not
even visible with a microscope. Therefore, the microscope was modified into a
laser interferometer set-up. Based on the Doppler shift occurring when the laser
light interacts with the moving object, the displacement can be obtained with
nanometer accuracy (nm = 10-9 meters).

Besides the bundle displacement, the electrical response needs to be measured.
The currents measured are in the order of tens to hundreds of pico-amperes
(pA = 10-12 amperes) and the potential differences in the order of microvolts
(µV = 10-6 volts). The emphasis being put on the units stresses the fact that very
small signals had to be dealt with. The same goes for the mechanical stimuli that
have to be applied. The stimulus device used to mechanically stimulate several
mechanosensory systems is therefore described and studied in detail, as presented
in Chapter 2.

The stimulus device consists of a fluid filled chamber with a rear side that can
be displaced using piezoelectric material, producing a jet of fluid when activated.
The chamber is connected to a glass capillary with a tip narrowed down to several
(tens) of micrometers. A displacement of the rear side of the chamber produces a
pressure difference causing fluid displacement at the tip of the capillary. This way,
a microscopically small targeted fluid stimulus is obtained.

 To access the stimulus characteristics as a function of time and frequency, a
flexible probe was used. Sinusoidal displacements of the probe (frequencies
ranging from 1 to 1000 Hz), induced by the stimulus device, were accurately
detected using the laser interferometer. This way, information was obtained on the
waveform of the water motion, as well as the water displacement and phase as a
function of frequency (the frequency response).

The measurements show that the size of the tip greatly influences the
characteristics of the frequency response. A large tip gives rise to a constant water-
displacement amplitude as a function of frequency of the voltages applied to the
piezoelectric material over a limited range of frequencies (< 100 Hz). Narrowing
the tip diameter to only a few micrometers changes the output characteristics into a
velocity stimulus (a constant velocity amplitude as a function of frequency) within
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the measured complete frequency range.
The probes, together with a described calibration method, can also be used to

correct the measurements on mechanodetection systems for frequency-dependent
characteristics of the fluid motion.

In Chapter 3, the fluid stimulus is used to study the cupular hydrodynamics in
the neuromasts of the superficial lateral-line system in early stage zebrafish (Danio
rerio). These neuromasts consist of about 10 hair cells, each with a hair bundle and
a long kinocilium, covered by a pillar-shaped cupula, that extrudes in the
surrounding water. Because the height of the cupula is limited to several tens of
micrometers, it stays fully within the boundary layer of the fish’s skin for the
frequencies it is most sensitive to (several tens of Hz). The frequency response of
the cupula of these superficial neuromasts is not only determined by the
mechanical coupling of the cupula to the underlying tissue, but also by the
frequency-dependent attenuation of the fluid motion, as a result of this boundary
layer. Measured at tens of micrometers above the epithelium, the cupular motion as
a function of fluid velocity is nearly constant at low frequencies (< 20 Hz), with a
sensitivity ranging from 1-5 nanometers of cupular displacement per
micrometer/second fluid velocity. Measurements at different heights show that the
cupula bends during stimulation, such that the base region of the cupula driving the
sensory hair bundles is estimated to possess only a fraction (20-30%) of this
mechanosensitivity. Up to about 70 Hz the displacement as a function of stimulus
frequency of the driving fluid velocity gradually decreases with a slope of
approximately 10 dB/dec. At higher frequencies cupular displacement declines at
20 dB/dec.

A previous model, describing the cupular mechanics of canal neuromasts,
could not adequately describe the cupular behaviour found in superficial
neuromasts. Extending that model with a frequency-dependent boundary layer,
however, improves the description considerably. The results suggest that the
stiffness coupling to the hair cells of the sensory epithelium is governed by the
compliance of the cupula.

Based of the measured cupular mechanics, a comparison was made between
the superficial neuromasts of the zebrafish and the canal neuromasts from the ruffe
(Gymnocephalus cernuus). As a result of their low stiffness and their small number
of hair cells, the signal-to-noise ratio of the zebrafish superficial neuromasts was
found to be inferior throughout the complete frequency range.

Chapter 4 focuses on the sensory hair cells from the mammalian ear, more
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specifically, the mouse. The hair cells are enclosed in a coiled structure called the
cochlea. Enclosed is the basilar membrane, which contains three rows of outer hair
cells and one row of inner hair cells. Already at birth, the hair cells are present and
equipped with a hair bundle and mechano-electrical transducer channels. This
chapter, however, focuses on the kinetics of the potassium current, I,K,neo, which is
the major current in the basolateral membrane during the first week after birth.
I,K,neo is characterised by a slow voltage-dependent activation, similar to the
delayed rectifier type of potassium channel. The current is activated by membrane
potentials higher than -60 mV, and the underlying channels determine the resting
membrane potential in these cells.

To study the kinetics of IK,neo in more detail, acute cochlear preparations were
used to isolate the basilar membrane. Using a suction pipette, neighbouring cells
and debris were removed from the basolateral membrane of individual outer hair
cells. Subsequently, a glass electrode was placed on the clean membrane, which
was used to clamp the membrane potential of the individual hair cell at a desired
value. The same electrode was used to record the total current flowing over the
membrane as a result of the membrane potential changes applied.

A depolarising step in membrane potential elicits an activation of the current,
followed by an inactivation (decrease in conductance, despite a continued
depolarisation). The inactivation is characterised by a fast and a slow component
and a non-inactivating part. The voltage-dependent extent of inactivation displays
two components as well. Although the voltage-dependence of activation is not
characterised by two clear components, the current activation cannot accurately be
described based on a model incorporating only one channel. The data therefore
suggest that IK,neo is brought about by two potassium channels, with comparable
voltage-dependence of activation, but different activation kinetics and inactivation
characteristics.

In chapter 5, the first step is taken to define the accuracy with which the
transducer channel processes incoming signals, by determining the signal-to-noise
ratio of the current through the transducer channel. The signal was defined as the
change in current in response to a small displacement at a fixed hair bundle
displacement X. The intrinsic stochastic fluctuations of the transducer channel were
assumed to be the primary source of noise, since the channel is continuously
fluctuating between open and closed conformations as a result of thermal noise ..

A dynamic stimulus protocol, consisting of a low frequency but large
amplitude sinusoidal bundle displacement (dynamic X displacement) and a high-
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frequency small-amplitude displacement (locally probing the sensitivity), was used
to define the signal as a function of hair bundle displacement. To assess the
channel noise, a static protocol was used in which the noise was measured over a
50 ms period, for several static displacements of the bundle. To describe the signal,
as well as the noise, as a function of hair bundle position, a recently proposed
model was used which assumes the gating spring to differentially engage the
different conformational states of the channel. The state energies of the different
conformations fully determine the open probability of the channel. Specifically, in
this model, the gating spring is assumed to only contribute to the energetic state of
the channel-gating spring complex when the gating spring is engaged. At negative
hair bundle displacements (< -50 nm), where the gating spring is fully disengaged,
the state energy of the different conformations does not further change, resulting in
a finite minimal open probability. As a result, the channel noise does not go to
zero, but to a fixed value, which was confirmed by experiment. Because changes in
hair bundle position around these negative displacements do not produce any
signal, the signal-to-noise ratio reduces to zero.

At the bundle’s resting position the gating spring is slightly tensioned, causing
a so-called silent current of approximately 10-15% of the maximal current. At this
resting position a 5.3 nm bundle displacement is needed to equal the noise. The
signal-to-noise ratio is maximal at a bundle displacement of about 40 nm, where
the open probability is 0.5. A 2.7 nm displacement (a deflection of just ~0.03°) is
needed to get a signal-to-noise ratio of one. Given that the maximal response is
reached at a displacement of 150 nm, the dynamic range of the transducer
apparatus is about 30 dB.

In Chapter 6 the lower bound on signal transduction by the transducer
channel is determined in more detail. The transduction apparatus (the system of the
gating spring and the transducer channel) is being regarded as the estimator of hair
bundle displacement containing the information on incoming sounds. Based on the
transducer current, the hair bundle displacement will be estimated with a variance

2σ . In this chapter the lower bound of this variance, 2
minσ , is determined. The

optimal accuracy with which a single transducer channel, based on its transducer
current, can estimate the hair bundle position is 47 nm and this is obtained at a hair
bundle position where the open probability of the channel is 0.5. The accuracy of
estimation scales down in proportion to the square root of the total number of
channels (on average 80 per outer hair cell), leading to an accuracy of about 5.3 nm
per cell. So far we have only taken into account the intrinsic stochastic noise of the
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transducer channel. However, noise attacks the mechano-transducer system on
multiple fronts. Also, the gating spring is susceptible to Brownian noise
fluctuations, which are transduced by the transducer channel and which
independently add to the total mechano-transducer noise. The gating spring noise
adds an additional 24 nm to the maximal accuracy per transducer channel leading
to a total accuracy of 6.5 nm per cell.

Theoretically, it is shown that the molecular gating force determines the
accuracy of the mechano-transducer process. Increasing the gating force would
therefore allow the transducer process to improve its accuracy. However,
increasing the gating force will be at the expense of the effective operational range.
Based on data from the literature, most hair cells show a channel noise that closely
matches the noise of their gating springs. Reducing the channel noise considerably
would, then, not pay off since the gating spring noise would continue to dominate
while the operational range would, unfavourably, decrease.

Estimations of the hair bundle displacements at the threshold of hearing vary
from a few nanometers to fractions of nanometers. That the ear is capable of
detecting these displacements, which are smaller than the accuracy of an individual
hair cell, can be understood by the fact that the ear has more than one hair cell,
allowing for ensemble averaging across several hair cells. Moreover, in order to
reach the observed detection thresholds, the effective bandwidth could be limited
using passive electrical and mechanical filtering, as well as active electro-
mechanical feedback.
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SAMENVATTING
In dit proefschrift staat de mechanosensorische zintuighaarcel centraal die in het
gewervelde dierenrijk voorkomen in verschillende mechanisch gevoelige
zintuigsystemen. Deze zintuighaarcel dankt zijn naam aan de bundel van op haren
gelijkende stereocilia aan de apicale zijde. Deze stereocilia, met actine gevulde
pilaarvormige membraanuitstulpingen, staan netjes gerangschikt in rijen van
oplopende grootte, en pivoteren bij mechanische stimulatie als een geheel om hun
basis. In de toppen van de stereocilia zitten verbindingen, de zogenaamde tip links
die verondersteld worden verbonden te zijn met het mechanotransductiekanaal.
Deflecties van de bundel in de richting van de grootste stereocilia leidt tot een
toename in de spanning van de tip links waardoor de mechanotransductiekanalen
op een directe mechanische wijze worden geopend en de conductantie voor
cationen wordt vergroot. Een beweging in de tegenovergestelde richting
veroorzaakt een afname van de spanning en sluiting van de kanalen. De
transductiestroom resulteert in een verandering van de membraanpotentiaal
waardoor voltage-afhankelijke calcium kanalen in de basolaterale membraan
worden geopend. De influx van calcium induceert vervolgens neurotransmitter
afgifte waardoor het signaal wordt doorgegeven aan zenuwcellen die de informatie
transporteren en verder verwerken in ons centrale zenuwstelsel. Het
binnenstromende Ca2+ induceert eveneens de openingen van kalium kanalen zodat
door een efflux van K+ de membraan weer repolariseert. 

De hierboven gegeven eenvoudige beschrijving van de zintuighaalcel is de
basis vorm van de zintuighaarcellen die worden teruggevonden in veschillende
zintuigsystemen. Allereerst in ons gehoororgaan waarmee we geluid waarnemen,
maar ook in ons evenwichtsorgaan voor de detectie van lineaire en circulaire
versnelling, en in het zijlijnorgaan waarmee vissen en amphibieën waterbeweging
(snelheid en versnelling) in hun directe omgeving waarnemen. De essentiële
stimulus voor de haarcel is de deflectie van de haarbundel. Het type beweging
(verplaatsing, snelheid, acceleratie) evenals het frequentiebereik waarvoor deze
zintuigsystemen gevoelig zijn wordt dan ook voornamelijk bepaald door de
mechanische eigenschappen van de structuur waarin de haarcellen zich bevinden.

In dit proefschrift vindt u metingen aan deze structuren, maar ook aan
individuelen haarcellen. Het meten aan mechanodetectoren is om verscheidene
redenen experimenteel gezien een lastige klus. Ten eerste zijn
mechanodetectiesystemen vaak moeilijk bereikbaar. Haarcellen uit het oor zitten
bijvoorbeeld in een verbeend slakkenhuis op een lange strip van slechts enkele
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cellagen dikte. Het onbeschadigd isoleren van de kwetsbare haarcellen vereist de
nodige training. Het zijlijn orgaan biedt wat dat betreft meer mogelijkheden, omdat
het zich bevindt aan de oppervlakte van de vis, of net daaronder in kleine
kanaaltjes. Hierdoor is het mogelijk om in het levende organisme metingen te doen
aan haarcellen.

Een tweede probleem volgt uit het feit dat deze cellen klein zijn en gevoelig
voor verplaatsingen ordes van grootte kleiner dan hun eigen dimensie. Voor de
visualisatie van de haarcellen moet gebruik worden gemaakt van een microscoop.
De verplaatsingen waarvoor haarcellen gevoelig voor zijn, zijn echter zo klein dat
ze zelfs met het microscoop niet zichtbaar zijn. Hiervoor werd het microscoop
gemodificeerd tot een laser interferometer opstelling. Op basis van de Doppler
veschuiving die plaats vindt als het laserlicht interactie heeft met het bewegend
object, kan hiermee met nanometer (nm = 10-9 meter) nauwkeurigheid de
verplaatsing worden bepaald.

Naast de bundelbeweging moet ook nog de elektrische respons worden
gemeten. Het gaat hierbij om kleine ionenstromen in de orde van tientallen tot
honderden picoamperes (pA = 10-12 ampere) of potentiaalveranderingen in de orde
van microvolts (µV = 10-6 volt). De nadruk die wordt gelegd op de eenheden is
bedoeld om aan te geven dat het hier om bijzonder kleine signalen gaat. Hetzelfde
geldt voor de mechanische stimuli die moeten worden aangeboden. Het
stimulusapparaat dat gebruikt wordt voor mechanische stimulatie van verscheidene
mechanosensorische systemen is dan ook het eerste onderwerp dat uitvoerig wordt
beschreven en bestudeerd in hoofdstuk 2.

Het vloeistofstimulus apparaat bestaat uit een met vloeistof gevulde kamer
waarvan de achterwand door piëzoelektrisch materiaal heen en weer bewogen kan
worden. De kamer mondt uit in een glazen pipet met een vernauwde tip van enkele
(tientallen) micrometers. Beweging van de achterwand genereert drukverschillen
die leiden tot een waterverplaatsing aan de tip van de glazen pipet. Op deze manier
wordt een microcopisch kleine en gerichte vloeistofstimulus verkregen. 

Om de karateristieke eigenschappen van deze stimulus als functie van de tijd
en als functie van frequentie te evalueren maakten we gebruik van een flexibele
probe. Sinusoidale bewegingen van de probe (frequenties varierend van 1 tot 1000
Hz), geinduceerd door het stimulus apparaat, werden nauwkeurig gedetecteerd met
behulp van de laser interferometer. Zo werd informatie verkregen over de golfvorm
van de waterverplaatsing, evenals de waterbeweging en fase als functie van de
frequentie (frequentie respons). 
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Uit de metingen blijkt dat de grootte van de uitstroomopening in belangrijke
mate bepalend is voor de karakteristiek van de gegenereerde waterbeweging. Een
grote uitstroomopening resulteert in een constante waterverplaatsing als functie van
de frequentie over een beperkt frequentiebereik (< 100 Hz). Een vernauwing tot
enkele micrometers verandert de karateristiek tot een snelheidsstimulus (een
constante snelheid als functie van frequentie) over het gehele gemeten
frequentiebereik (1-1000 Hz).

De gebruikte probes en de beschreven calibratie methode kunnen ook worden
gebruikt bij metingen aan mechanodetectiesystemen om gemeten data te corrigeren
voor frequentie afhankelijke karakteristieken van de geproduceerde
vloeistofbeweging.

In hoofdstuk 3 wordt de vloeistofstimulus gebruikt om de hydrodynamica van
cupulae in oppervlakteneuromasten van jonge zebravissen (Danio rerio) te
bestuderen. Zoals de naam het al aangeeft, bevinden deze mechanodetectie
eenheden zich aan de oppervlakte van de vis. Ze bestaan uit een tiental haarcellen
met elk een haarbundel en een lang kinocilium, overkoepeld door een
pilaarvormige cupula. De hoogte van de cupula is beperkt tot enkele tientallen
micrometers zodat, voor de frequenties waarvoor het systeem het meest gevoelig is
(enkele tientallen Hz), de cupula geheel binnen de grenslaag van het epitheel blijft.
De frequentierespons van deze oppervlakteneuromasten wordt dan ook niet enkel
bepaald door de mechanische koppeling van de cupula aan het onderliggende
weefsel, maar ook door de een frequentieafhankelijke demping van de
vloeistofbeweging als gevolg van deze grenslaag. Cupulabeweging als functie van
de vloeistofsnelheid, gemeten op enkele tientallen micrometer boven het epitheel,
is vrijwel constant op lage frequenties (<20 Hz), en laten een gevoeligheid zien in
het bereik van 1-5 nanometer cupulaverplaatsing per micrometer/seconde
vloeistofsnelheid. Metingen op verscheidene hoogtes laten zien dat de cupula buigt
tijdens de stimulatie, waardoor aan de basis van de cupula, waar effectief de
haarbundels bewogen worden, de geschatte gevoeligheid slechts 20-30% bedraagt
ten opzichte van de bemeten hoogte. Tot aan ongeveer 70 Hz neemt de verplaatsing
als functie van de vloeistofstimulus af met ongeveer 10 dB/dec en op hogere
frequenties met ongeveer 20 dB/dec.

Een eerder beschreven model dat de cupulaire mechanica van
kanaalneuromasten beschrijft gaf geen adequate beschrijving van de metingen. Een
uitbreiding van het model met de frequentie afhankelijke grenslaag verbetert de
beschrijving aanzienlijk. De resultaten laten zien dat de stijfheidskoppeling van de
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cupula aan de onderliggende haarcellen wordt gedomineerd door de buigzaamheid
van de cupula.

Op basis van de hier gemeten cupulaire mechanica werd een vergelijking
gemaakt tussen oppervlakteneuromasten van de zebravis en kanaalneuromasten
van de schele pos (Gymnocephalus cernuus). Door hun lage stijfheid en het kleine
aantal haarcellen bezitten de oppervlakteneuromasten een inferieure signaal-ruis
verhouding over het gehele frequentiebereik.

Hoofdstuk 4 richt zich op de zintuighaarcellen uit het oor van zoogdieren,
waarvoor de muis als modelsysteem werd gebruikt. De zintuigcellen zitten hier
ingesloten in het slakkenhuis, een verbeende structuur die zijn naam dankt aan de
opgekrulde vorm. Hierin bevindt zich de basilaire membraan met daarin drie rijen
buitenste haarcellen en een rij binnenste haarcellen. Reeds bij de geboorte zijn deze
haarcellen aanwezig en voorzien van een haarbundel en mechanotransductie-
kanalen. In dit hoofdstuk wordt echter niet gekeken naar de transductiestroom in de
apicale membraan, maar naar de kinetiek van de kalium stroom, IK,neo, in de
basolaterale membraan, die gedurende de eerste week na de geboorte de grootste
membraanstroom is. IK,neo wordt gekenmerkt door een trage voltage-afhankelijke
activatie die eigenschappen bezit van het delayed rectifier type kalium kanalen. De
stroom activeert bij membraanpotentialen groter dan -60 mV en is bepalend voor
de rustmembraanpotentiaal in deze cellen.

Om de kinetiek van IK,neo nader te bestuderen werden acute preparaten van het
binnenoor van muizenpups gebruikt waaruit de de basilaire membraan werd
geïsoleerd. Met behulp van een kleine glazen pipet werd de basolaterale membraan
van individuele buitenste haarcellen ontdaan van naburige cellen en celresten. Op
deze schone membraan werd vervolgens een glaselektrode geplaatst waarmee de
membraanpotentiaal van een individuele buitenste haarcel op de gewenste
potentiaal kon worden gehouden. Met dezelfde elektrode werd de voltage
afhankelijke stroom over de totale celmembraan gemeten.

Een depolariserende stap in de membraanpotentiaal leidt tot activatie
(toename) van de stroom, gevolgd door een inactivatie (afname, ondanks een
blijvende potentiaalverandering). De inactivatie wordt gekenmerkt door een snelle
en een trage component en een niet-inactiverend deel. Ook de voltage-
afhankelijkheid van de inactivatie laat twee componenten zien. Hoewel de voltage-
afhankelijkheid van de activatie niet uit twee duidelijke componenten bestaat, lijkt
een eenvoudige beschrijving van de activatie op basis van één kanaal niet
voldoende. De conclusie uit de resultaten is dan ook dat er twee kalium kanalen ten
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grondslag liggen aan IK,neo, beide met een vergelijkbare voltage afhankelijke
activatie, maar verschillende activatie kinetiek en inactivatie eigenchappen

In hoofdstuk 5 wordt een eerste stap gezet om de nauwkeurigheid te bepalen
waarmee het transductiekanaal binnenkomende signalen verwerkt. Hiervoor
hebben we de signaal-ruis verhouding bepaald van de stroom door het
mechanotransductiekanaal van buitenste haarcellen uit de muis. Als definitie voor
het signaal hebben we de stroom als gevolg van een verandering in
haarbundelpositie (de gevoeligheid) rond een zekere haarbundelpositie X genomen.
De voornaamste bron van ruis is is afkomstig van het intrinsiek stochastische
karakter van het kanaal dat voortdurend van conformatie verandert tussen gesloten
en open toestanden.

Met behulp van een dynamisch protocol bestaande uit een laagfrequente
sinusoidale bundelbeweging met een grote amplitude en een hoogfrequente
sinusoidale bundelbeweging met een kleine amplitude, kon direct de respons op
lokale kleine bewegingen als een functie van bundelverplaatsing X worden
bepaald. Om de kanaalruis te meten moest gebruik worden gemaakt van een
statisch protocol waarbij op een aantal vaste haarbundelverplaatsingen de
stoomruis werd bepaald over een periode van 50 ms. Om zowel het signaal en de
ruis als functie van haarbundelverplaatsing te beschrijven werd een model voor het
transductiekanaal gebruikt dat differentiële aangrijpingsposities van de gating
spring op de verschillende conformatietoestanden van het kanaal veronderstelt. De
verhouding van de energieniveaus van de verschillende conformaties (2 gesloten 1
open toestand) bepaalt hierin volledig de openkans van het kanaal.  Specifiek aan
dit  model is dat het veronderstelt dat de gating spring (model beschrijving analoog
aan een elestische tip link) pas een bijdrage levert aan de energetische toestand van
het kanaal-gating-spring complex nadat de gating spring aangrijpt op het kanaal.
Dus bij negatieve haarbundelverplaatsingen (< -50 nm), wanneer de gating spring
niet meer aangrijpt op het kanaal, vanandert de energietoestand van de
verschillende conformaties niet meer, hetgeen leidt tot een eindige minimale
openkans. Daarmee gaat ook de bijbehorende ruis niet naar nul, maar naar een
vaste waarde, wat werd bevestigd door de metingen. Aangezien de respons op
veranderingen in de haarbundelverplaatsing bij ontkoppeling van de gating spring
ook niet meer tot een response leidt, gaat de signaal-ruis verhouding wel naar nul.
In de evenwichtspositie staat de gating spring op lichte spanning en stroomt er een
zogenaamde silent current van ongeveer 10-15% van de maximale stroom. Uit de
signaal-ruis metingen blijkt dat rond deze rustpositie van de bundel een haar
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bundelverplaatsing ongeveer 5.3 nm nodig is om de ruis te evenaren. De signaal-
ruisverhouding is maximaal rond een vaste verplaatsing van ongeveer 40 nm,
wanneer de helft van de kanalen open is. De haarbundel moet dan ongeveer 2.7 nm
heen en weer worden bewogen (een hoekverplaatsing van slechts ~0.03°!) om een
signaal te genereren dat de ruis in amplitude evenaart. Aangezien de maximale
respons wordt bereikt bij een haarbundelverplaatsing van ongeveer 150 nm
betekent dit voor het transductiemechanisme een dynamische bereik van ongeveer
30 dB.

In hoofdstuk 6 wordt de ondergrens van het signaaltransductie door het
tansductiekanaal in meer detail bepaald. Het transductieapparaat (complex van
gating spring en transductiekanaal) wordt hierbij beschouwd als de schatter van de
haarbundelverplaatsing die de informatie bevat over de binnenkomende
geluidsgolven. De haarbundelverplaatsing zal door de schatter op basis van
transductiestroom geschat worden met een variantie 2σ . In dit hoofdstuk wordt de
ondergrens van deze variantie, 2

minσ , afgeleid. De optimale nauwkeurigheid
waarmee de bundelpositie kan worden geschat op basis van de stroom door een
enkel transductiekanaal is 47 nm, en wordt bereikt waneer de openkans van de
transductiekanalen halfmaximaal is. De nauwkeurigheid van de schatting schaalt
echter met de wortel uit het aantal kanalen (gemiddeld 80 per buitenste haarcel) en
komt daarmee dus uit op ongeveer 5.3 nm per cel.  Hierbij is echter net als in
hoofdstuk 5 alleen rekening gehouden met de intrisieke stochastische ruis van het
kanaal. De nauwkeurigheid wordt echter op meer fronten gelimiteerd. Ook de
gating spring is onderhevig aan Brownse fluctuaties, die doorgegeven worden aan
het transductiekanaal en onafhankelijk bijdragen aan de mechanotransductieruis.
Deze ruisbijdrage levert nog eens een onnauwkeurigheid van 24 nm per
transductiekanaal op zodat de totale onnauwkeurigheid per haarcel uitkomt in de
orde van 6.5 nm. In dit hoofdstuk leiden we af dat specifiek de moleculaire gating
kracht bepalend is voor de nauwkeurigheid van het mechanotransductie proces.
Door de gating kracht te verhogen is het transductiekanaal in staat de
nauwkeurigheid van transductie te verbeteren. Dit gaat echter ten koste van het
effectieve operationele bereik. Op basis van de gegevens uit de literatuur blijkt dan
ook dat de meeste haarcellen hun kanaalruis hebben afgestemd op hun gating
spring ruis. Het veel verder verlagen van de kanaalruis zou weinig nut hebben
aangezien de onontkoombare gating spring ruis dan gaat domineren.

Aan de gehoordrempel lopen de schattingen over de haarbundelverplaatsing
uiteen van enkele nanometers tot fracties van nanometers. Dat het gehoor deze
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sublieme gevoeligheid kan behalen ondanks de fundamentele beperkingen in het
transductieproces is te wel te begrijpen. Allereerst bezit het gehoor meer dan één
haarcel, zodat gemiddeld kan worden over meer haarcellen. Daarnaast kan een
gelimiteerde effectieve bandbreedte, door passief mechanisch of elektrisch filteren
of actieve electromechanische terugkoppeling, tot een verbetering van de detectie
drempel leiden.
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Iets later dan gepland, is het dan toch afgerond. En hoewel het voor sommigen
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fantastische woonomgeving thuis. Ik heb genoten van de keren dat ik heb kunnen
helpen op het land of bij het aftimmeren van de hooizolder en stallen, altijd met een
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Zonder de mensen van de elektronica- en mechanische werkplaats, waarvan
velen hebben bijgedragen aan de bouw van de opstelling, had ik het beschreven
onderzoek nooit kunnen doen. Ik bedank jullie allemaal, maar in het bijzonder
Jannes Land. Jannes, ik kon altijd bij je terecht voor een kleinigheid. Maar dankzij
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perfecte dag.
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