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SUMMARY

1. Microphonic and summating potentials were recorded extracellularly
from lateral line organs in the suborbital canal of the perch in response to
sinusoidal movements of canal fluid.

2. These potentials were changed in amplitude, shape and phase, relative
to the mechanical stimulus, by electrical stimulation of efferent fibres in the
lateral line nerve.

3. The receptor potential amplitude/stimulus intensity relationships for
the microphonic and summating potentials saturated at high levels of stim-
ulation, and at progressively lower amplitudes with increasing frequencies
of mechanical stimulation. Efferent stimulation tended to reduce this rate
of saturation.

4. Amplitude versus frequency relationships plotted at different stimulus
intensities for the microphonic potential showed that the lateral line organs
were most sensitive to frequencies between 35-65 Hz (centre frequency),
and at these frequencies efferent stimulation caused the greatest increase in
amplitude.

5. Analysis of the second order and third order harmonic components of
the microphonic showed that these were reduced by efferent stimulation and
that the strongest reduction occurred at the centre frequency.

6. The phase of the receptor potential led that of the mechanical stimulus
atvery low frequencies by nearly 90 °. Thischanged to zero phase at the centre
frequency and to a phase lag at higher frequencies. Efferent stimulation
caused nochange in phase of the microphonicrelative to the control stateat the
centre frequency, but caused a progressive phaselead and lag asthe frequency
was decreased and increased respectively about the centre frequency.

7. Inthe linear response range, the lateral line organs responded as criti-
cally damped low frequency resonators to the velocity of the stimulus.
Efferent stimulation appeared to alter the damping of this resonance. The
possibility is discussed that efferent stimulation can alter the mechanical
properties of the lateral line hair cells.

INTRODUCTION

The majority of sense organs in the acoustico-lateralis system receive an efferent
innervation. In the lateral line organs of fishes and aquatic amphibians, the efferent
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fibres form synapses with the hair cells (Flock, 1965; Harris & Flock, 1967) and aM
inhibitory (Russell, 1968; Flock & Russell, 1973a). They are active just before and
during any active movement made by the animal (Russell, 1971a; 1976; Roberts &
Russell, 1972), and their proposed role is to suppress activity in the afferent fibres
which might be elicited by the animal’s own movements. This is achieved by a
presynaptic effect on the hair cell. Brief electrical stimulation of the efferent fibres
causes long lasting inhibitory post-synaptic potentials and conductance increases in
the hair cells. This leads to a reduction in the amplitude of the excitatory post-synaptic
potentials recorded in the terminals of the afferent fibres (Flock & Russell, 1976).
Associated with these intracellular events is an increase in the microphonic and sum-
mating potentials (Flock & Russell, 1973b), which are the extracellularly recorded
receptor potentials of lateral line organs (Kuiper, 1956; Flock, 1965).

In response to sinusoidal mechanical stimulation, the microphonic potential recor-
ded from lateral line organs is roughly sinusoidal, but twice the frequency of the
stimulus. Flock (1965) attributed this frequency doubling to the presence of two
populations of hair cells in lateral line organs. These have their kinocilia located on
opposite sides of the stereocilia bundles, and are, thereby, morphologically polarized
in opposite directions. In the hair cells of the frog sacculus, Hudspeth & Corey (1977)
demonstrated a physiological correlation for this morphological polarization, in that
only displacement of the stereocilia towards the kinocilium caused an excitatory
response. This finding supported Flock’s proposal that each population of lateral line
hair cells generated asymmetrical receptor potentials which were 180° out of phase
with respect to each other, and that the double microphonic was due to the algebraic
sum of these two potentials. More recent intracellular studies of lateral line hair cells
also tend to support this view (Flock, Jérgensen & Russell, 1973). The asymmetrical
voltage response of the lateral line hair cells gives rise to a d.c. potential or summating
potential. The polarity of the microphonic and summating potentials depends on the
configuration of the recording electrodes, but they represent an inward flow of current
across the apical membranes of the hair cells. Thus their increase during efferent
inhibition is believed to be due to an increased inward flow of current across the apical
membranes of the hair cells caused by their hyperpolarization (Flock & Russell,
1976). However, there is increasing evidence that hair cells in the acoustico-lateralis
system may have an active, rather than a passive, role in transduction, and that
efferent fibres may regulate this activity. The idea stems from the discovery of the
contractile proteins actin and myosin in the stereocilia and apical regions of hair cells
(Flock & Cheung, 1977; De Rosier, Tilney & Egelman, 1980; Macartney, Comis &
Pickles, 1980). More recently Mountain, Hubbard & Geisler (1980), Mountain
(1980) and Siegel & Kim (1980) have shown that stimulation of the crossed olivo-
cochlear bundle alters the generation of distortion products in the microphonic poten-
tial and sound pressure measured in the cochlea and at the tympanic membrane
respectively. They attributed these effects to changes in the mechanical properties of
the outer hair cells with which fibres of the crossed olivo-cochlear bundle form synap-
tic contact (Smith, 1968). In this paper we show that electrical stimulation of the
efferent fibres in lateral line canal organs causes changes in the phase and harmonic
distortion of the microphonic potential and we discuss the possibility that these are
due to changes in the mechanical properties of the hair cells.
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METHODS

A total of 43 perch, 6-7in long were used in this study. They were each
anaesthetized with intraperitoneal injections of 18-20 mg/kg Saffan (Glaxovet) (Os-
wald, 1978) and then transferred to a specially constructed Perspex tank where they
were held rigidly on their sides, and respired artificially by a flow of tap water through
a plastic mouth-piece.

The orbit was exposed to reveal the branch of the anterior lateral line nerve supply-
ing the sense organs of the sub-orbital canal. This was exposed and placed over a pair
of platinum-iridium hook electrodes and covered with mineral oil. The electrodes
were used to record from the nerve, and to electrically stimulate it. When the
electrodes were used for stimulating they were fed from a stimulus isolator with
voltage pulses of 0-05 ms duration at frequencies up to 200 pulsess™! in bursts be-
tween 80 ms and 30s long.

Extracellular receptor potentials were recorded from lateral line organs in the sub-
orbital canal by inserting a silver wire for a distance of about 1 mm into one of the
pores. The wire was 100 um diameter and insulated except for a 50 um exposed tip
which was chlorided. The indifferent electrode was a silver-silver chloride electrode
inserted into the body musculature. Signals from these electrodes were amplified,
displayed on an oscilloscope and stored on an F.M. tape-recorder for future analysis.

The lateral line canal organs were stimulated mechanically by the movements of a
glass probe with a spherical tip about 200 um in diameter. This was lowered until it
contacted the surface of the canal lymph in the pore adjacent to the one from which
recordings were being made (Fig. 1). The probe was attached to a piezoelectric
bimorph (Corey & Hudspeth, 1980) which vibrated the probe along a line parallel to
the long axis of the canal, with amplitudes not exceeding about 20 um. The bimorph
was driven with sinusoidally varying voltage signals from a Wavetek function
generator, and their amplitude was attenuated by a Hewlett-Packard attenuator. The
motion of the probe was monitored by reflecting a laser beam from a small mirror
(about 50 um square), attached close to the probe tip, onto an opal screen, behind
which were a pair of photodiodes coupled differentially to the input of an amplifier.
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Fig. 1. Frequency response of the stimulus probe to a 10V driving voltage.
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This optical lever device was used to measure the frequency characteristics of t
probe and its piezoelectric driver (Fig. 2), the amplitude of its movement (not more
than 20 um) and its linearity. In fact the system was found to be linear over its working
range which was 30 to —60 dB relative to 2 um displacement.

Signal averaging was performed by either a Biomac 1000 signal averager or a PDP
1103 microprocessor. Amplitude and zero crossing phase measurements were made
from averaged records in the majority of instances, but on the few occasions when
prolonged efferent stimulation was used, phase and amplitude measurements were
made with a pair of Brookdeal SC905 lock-in amplifiers fitted with an Omniphase
module. The summating potential was measured as the difference between the
recording base line and the half peak to peak amplitude of the microphonic potential.
Harmonic distortion of the waveform was measured with a Princeton 4512 spectrum
analyser.

RESULTS

The effect of electrical stimulation of the lateral line nerve on the amplitude of the
microphonic and summating potentials

Microphonic and summating potentials were recorded from organs in the sub-
orbital canal in response to small sinusoidal water displacements adjacent to the canal
pores. From the onset of an intense mechanical stimulus, the summating potential
grew to a maximum within about 15 ms and then decreased progressively over the next
100-150 ms to reach a relatively steady state (Figs 3, 4). When the summating poten-
tial was at its largest, the microphonic was small and clipped in the negative, or inward
directed phase, but it became larger and more symmetrical as it approached the steady
state. At the cessation of mechanical stimulation there was a slow positive or outward
potential, which lasted for about 100-120 ms. However, at lower levels of mechanical
stimulation, the onset and offset potentials were reduced (Fig. 4).

In these experiments we did not attempt to discover the origins of the potential
changes associated with the onset and offset of the mechanical stimulus. They may
have represented adaptation of the hair cell transduction process or a changing mem-
brane conductance associated with it. However, these onset and offset changes have
been found to be absent, or nearly absent, when the cupulae of lateral line organs are
driven directly (Flock, 1965; Flock & Russell, 1973b). It is thus likely that the
potential changes arose from the movements of canal lymph associated with the onset
and offset of vibration of the stimulus probe. The inaccessibility of the lateral line
canal organs, which are located in their narrow, fluid-filled canals, prevented us from
monitoring the motion of the cupulae.

Electrical stimulation of the branch of the anterior lateral line nerve supplying the
organ caused an increase in the peak to peak amplitude of the microphonic potential
and an increase in the amplitude of the negative summating potential (Figs 3, 4). The
time courses of these changes were identical and rather slow. The increases in the
microphonic and summating potentials reached their maximum after 25-50 ms and
returned to their prestimulus levels about 350 ms after cessation of the electrical
stimulation. The effectiveness of the electrical stimulation of the lateral line nerve on
the extracellular receptor potentials and the adaptation of its effect was dependent og
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Fig. 2. The experimental arrangement showing the direction of movement (arrows) of the mechanic-
al stimulus probe (P), and the locations of the recording (R) and stimulating electrodes (S). The
approximate locations of the canal pores (open circles) and canal organs (solid circles) are shown for
the suborbital canal. The course of the branch of the anterior lateral line nerve supplying these organs
is shown as a dotted line.
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Fig. 3. The influence of electrical stimulation of the lateral line nerve on extracellularly recorded
receptor potentials recorded from the suborbital canal. Upper trace, the microphonic and summating
potential recorded in response to a 60 Hz mechanical stimulus of 2 zm amplitude. Bottom trace, the
voltage input to the piezoelectric bimorph. Middle trace, microphonic and summating potential
recorded during electrical stimulation of the nerve supplying the suborbital canal organs. The dura-
tion of the stimulus is indicated by the bar in the bottom left hand corner of the record, i.c. 80 ms at
60 pulsess™'. Each trace is an average of eight records.

the state of the animal. In animals whose physiological condition was judged to be
excellent no adaptation was seen after 5s of continuous electrical stimulation of the
lateral line nerve (Fig. 10) at frequencies about twice that required to produce a
maximum change in the microphonic and summating potentials. These effects on the
extracellular receptor potentials were abolished when ‘Flaxedil’ was released from an
indwelling catheter inserted into the body musculature. The amount of Flaxedil
required for this was small (5 mg/kg) and it did not block the afferent fibres, which
«continued to respond normally to mechanical stimulation of the end organ. It is
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Fig. 4. Extracellular receptor potentials recorded from the suborbital canal in response to 25 Hz
mechanical stimulation at —20 dB(A), —10dB(B) and 0 dB(C) relative to a 2 um displacement of the
stimulus probe. In each pair of traces the lower is the response during electrical stimulation of the
lateral line nerve. The duration of this stimulus, at 70 pulsess™, is indicated by the bar in the bottom
left-hand corner. Each trace is the average of eight records. Bottom trace, voltage input to
piezoelectric stimulus probe.

presumed that the changes observed in the microphonic and summating potential
during electrical stimulation of the lateral line nerve were due to the efferent fibres
whose synapses are blocked by agents which interfere with the release of acetylcholine
or compete for receptor sites for this transmitter (Russell, 1971b).

Changes in the amplitude-intensity relationships of the extracellular receptor
potentials during efferent stimulation

The relationship between the amplitude of the extracellular receptor potential and
stimulus intensity was dependent upon the frequency of the mechanical stimulus and
tended to saturate at progressively lower amplitudes as the frequency was increased
(Fig. 5). This tendency was demonstrated most strongly by the microphonic and the
trend continued above the most sensitive frequency of the lateral line canal organ
(centre frequency), which is about 50 Hz in Fig. 5.

When the efferent fibres were electrically excited, the receptor potentials were
augmented, and this had the effect of shifting the amplitude-intensity relationships
to the left of the ¢ontrols (Fig. 6). Electrical stimulation of the efferent fibres appeared
to have the most potent effect on the negative summating potential at low levels of
mechanical stimulation (Fig. 6). However, this is presumably because stimulation of
the efferent fibres causes an efferent potential due to the inward flow of current
through the apical surface of the sensory epithelium caused by the hyperpolarization
of the hair cells (Flock & Russell, 1973b). This potential is large relative to the
negative summating potential caused by low levels of mechanical stimulation, and itg
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Fig. 6. The relationships between the stimulus intensity and the microphonic potential (A, C) and
summating potential (B, D) in a single preparation at two stimulus frequencies: A, B (20Hz); C, D
(60Hz). + Marks the control and ¢ the response during efferent stimulation at 60 pulsess™ for
180 ms. The curves without symbols in B and D show the change in the amplitude of the summating
potential after the deduction of the efferent potential of 0-07 mV.
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Belative contribution to the summating potential becomes progressively smaller when
the stimulus amplitude is increased.

The amplitude-intensity relationships of the microphonic potential were also al-
tered by efferent stimulation in that they tended to reduce the strong saturation of
these potentials which occurred at high stimulus intensities and frequencies (Fig. 6C).

Changes in the harmonic composition of the microphonic, following stimulation of
the efferent fibres

A close examination of the waveform of the microphonic showed that electrical
stimulation of the lateral line nerve caused it to appear more symmetrical in response
to sinusoidal mechanical stimulation. The effect was most noticeable at high inten-
sities, when the microphonic was saturating (Figs 3, 4C), but it occurred at all
stimulus intensities, including those within the linear region of the lateral line organ’s
response properties (Fig. 4A, B). The change in the waveform of the microphonic was
also revealed as a change in its harmonic distortion, which was reduced by stimulation
of the lateral line nerve. This distortion, and its reduction by the action of the efferent
fibres, was frequency dependent. In Fig. 7 is shown the relationship between the
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Fig. 7. A, B and C. The ratio of the second order harmonic component relative to the fundamental
frequency of the microphonic potential (4th order relative to the stimulus frequency) versus
frequency at 0; —10, and —20 dB respectively relative to a 2 um displacement of the stimulus probe.
D. Third order harmonic component of the microphonic versus frequency at 0dB. @, Control; A,
during maximal electrical stimulation of the lateral line nerve at 80 pulsess™ for 320 ms.
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ratios of the second and third order harmonic components of the microphonic and ity
fundamental (fourth, sixth and second order, respectively, relative to the mechanical
stimulus) and the frequency of mechanical stimulation, for responses recorded at a
single location in the suborbital canal at several intensities. The distortion increased
relative to the fundamental at a rate of about 6 dB/octave from low frequencies to a
maximum at the centre frequency of the organs (30—40 Hz in the example illustrated)
and declined at this rate above the centre frequency. Electrical stimulation of the
lateral line nerve reduced this distortion at all levels of mechanical stimulation and,
most noticeably, at the centre frequency.

Amplitude and phase relationships of the microphonic

Families of curves were constructed which depicted the change in amplitude of the
microphonic with stimulus frequency at different intensities (Fig. 8). The curves, in
effect, describe the filter properties of the mechanism responsible for generating the
microphonic. At the lowest intensities, when the microphonic increases linearly with
intensity, it can be seen that the relationship between the amplitude of the microphonic
and the stimulus intensity resembles a broad band pass filter (Fig. 9A, B). The centre
frequencies of this relationship were found to vary between 35Hz and 65 Hz in 11
preparations with a mean of 53-5Hz (s.e., 8-:3). When the efferent fibres were
electrically stimulated, the amplitude of the microphonic was increased over the entire
frequency range, but the largest changes occurred around the centre frequency.

The amplitude changes, which were caused by electrical stimulation of the lateral
line nerve, were also associated with small changes, usually less than 10° and never
more than 25° in the phase of the receptor potential relative to the mechanical
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Fig. 8. Amplitude-frequency relationships of the microphonic potential recorded from a single
location on the suborbital canal. In descending order, the curves show responses to 0dB, —10dB,
—20dB and —30dB intensities of stimulation relative to a 2 um displacement of the probe.
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Fig. 9. The effect of electrical stimulation of the efferent fibres on the amplitude-frequency relation-
ships of the microphonic potential in response to 2 —30 dB mechanical stimulus. A and B are from
two different preparations. +, Control; O, measurements during efferent stimulation at 60 pulsess™*
for 180 ms. The theoretical curves drawn through the points are for the responses of a velocity detector
with a low pass resonance at 50 Hz whose amplitude characteristics are given in equation (1). In (A)
the damping factor is changed from 1 (control) to 0-6 (efferent stimulation) and in (B) from 1 to 0-8.

stimulus. In Fig. 10, the upper trace shows the effect of a 5s burst of electrical
stimulation of the lateral line nerve on the microphonic potential elicited in response
to a continuous 60 Hz sinusoidal mechanical stimulus at an intensity within the linear
response region of the lateral line organ. The middle and lower traces show the
amplitude and phase changes, respectively, of the fundamental frequency of the
microphonic (twice the stimulus frequency), caused by efferent stimulation. These
traces represent the modulus and phase outputs of a pair of lock-in amplifiers set to
measure only the fundamental frequency of a complex waveform, and in quadrature.
The time courses of these measurements are limited by the time constants of the
amplifiers (about 3 ms) and the electronics of the Omniphase (about 2s for a step
change in phase). In the linear operating region of each lateral line organ, from which
measurements were taken, phase changes in the microphonic potential relative to the
mechanical stimulus were not observed when the stimulus intensity was increased to
produce an increase in the amplitude of the microphonic to match that caused by
efferent stimulation.

A more comprehensive attempt was made in several lateral line organs to relate
the phase of the microphonic, with and without electrical stimulation of the lateral
line nerve, to that of the mechanical stimulus at different frequencies. It was the
general case that at frequencies below the centre frequency of the organ, electrical
stimulation of the lateral line nerve caused a phase lead of the microphonic, and
above it, a lag (Figs 11, 12). There was no apparent phase change at the centre
frequency.

A model to fit the observations

An attempt was made to find a model which fitted the linear responses of the
microphonics to mechanical and efferent stimulation. An inspection of the amplitude
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Fig. 10. Phase and amplitude changes in the microphonic potential caused by electrical stimulation
of the lateral line nerve. Trace A, microphonic potential recorded in response to a constant 50 Hz
mechanical stimulation with a 2 um displacement. The bar indicates the 58 period for which the
efferent fibres were driven at 120 pulsess™', which is twice the rate necessary to produce a maximum
change. Trace B, mechanical stimulus. Traces C and D show the phase and amplitude changes in the
microphonic measured with lock-in amplifiers and omniphase module respectively. The time con-
stant of the lock-in amplifier was 3 ms, and the response time of the Omniphase to a step change in
phase is about 2. Vertical bar is 600 4V for A, 12:5° for C and 50 uV for D.

and phase relationships of the microphonic potential with respect to the mechanical
stimulus, and reference to previous models of the lateral line system (Kuiper, 1956;
Kroese, van der Zalm & van den Berken, 1978) indicated that the lateral line canal
organ was coupled by viscous drag to the motion of the stimulating sphere, and that
it also behaved as an approximately critically damped, low pass resonator.

The amplitude characteristics of a low pass resonance are given by

1 3

y= (1—%)2+T2—“a’% (1)

where y is the amplitude gain of the low pass resonance, @, is the natural cut-off
frequency and T is the damping factor (Bendat & Piersol, 1971). In a mechanical
system @, is determined by the elasticity and mass of the vibrator and T is determined
by ‘friction’ or resistance to movement. The effect of increasing T is to decrease the
frequency selectivity of the resonance and to shift the maximum amplitude of vibra-
tion to a frequency below w, . When T is equal to one, the system is critically damped.
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Fig. 11. Microphonic potentials recorded from a single preparation with A, 15Hz; B, 30 Hz; and C,
60 Hz mechanical stimulation at 0 dB relative to a 2 um displacement of the stimulus probe. Thin
trace, control; thick trace, during clectrical stimulation of the lateral line nerve at 60 pulsess™! for
180 ms. Lower trace voltage input to stimulus probe. Each trace is the average of 16 sweeps.

and in this condition it shows little frequency selectivity and, if mechanically distur-
bed, it returns optimally to its mean position without oscillation.
The phase of the low pass resonator is given by:

(@)

1
—_— 2
T ( wz) (2)

b

At frequencies well below the natural frequency, w,, the forced oscillation is in
phase with the driving force and lags the driver by 7/2 at w, and by & radians at
frequencies well above this. This phase change takes place over a short frequency

range either side of w, if the damping is light, but occurs smoothly, without transition,
4if the system is critically damped.

p=tan~
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Fig. 12. The phase of the microphonic relative to that of the stimulus probe versus frequency
measured at an intensity —30dB relative to a 2 um displacement of the stimulus probe for two
preparations. +, Control; {, during electrical stimulation of the lateral line nerve at 60 pulses 8! for
180 ms. The theoretical curves are for a velocity detector with a low pass resonance at 50 Hz whose
phase characteristics are given in equation (2), which changes its damping factor from 1 to 0-6 (A)
and from 1 to 0-8 (B).

Values for the natural frequency of the damped, low pass resonance and the damp-
ing factor were estimated from the data in the linear regions of the response charac-
teristics. These values were used in equations 1 and 2 to fit theoretical curves to the
measured amplitude and phase characteristics of microphonic potentials recorded in
response to low intensity stimuli when the lateral line organs are operating in their
linear range.

It is particularly interesting to observe that when this model s used to describe the
change in the amplitude of the microphonic with frequency, in response to low
amplitude water displacements, it is necessary to change only one parameter in order
to account for the changes observed when the efferent fibres are stimulated. This is
the damping factor of the low pass resonance, and in the examples illustrated in Fig.
2, this decreased by about 0:2-0-4 of the nearly critically damped control state when
the efferent fibres were stimulated.

DISCUSSION

The experiments described in this paper have revealed that electrical stimulation
of efferent fibres in the lateral line nerve caused frequency dependent increases in the
microphonic and summating potentials recorded from sub-orbital canal organs in the
perch, and changes in the phase and harmonic composition of the microphonic
waveform.

In their linear operating range, the sub-orbital canal organs of the perch behave as
critically damped, low pass resonators coupled to the viscous flow of fluid in their
environment. These observations are in agreement with Kuiper’s (1956) discovery
that the cupulae of the ruff, Acerina cernua, behaved as critically damped resonatorg
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hen they were driven directly and with the demonstration by Kroese et al. (1978)

at cupulae of the superficial lateral line organs in Xenopus were coupled to the
velocity of water movement in their immediate environment. In the perch, electrical
stimulation of the efferent fibres causes frequency dependent phase and amplitude
changes in the microphonics which are consistent with the hypothesis that it is the
damping factor of the low pass resonance which is altered. If the frequency dependent
characteristics of the microphonic potential are due to the mechanical properties of
the lateral line organs, then the efferent fibres have in some way altered them to reduce
the damping between the movements of the cupula and the responses of the hair cells.
There is a precedence for this proposal based on changes in the non-linear behaviour
of cochlear microphonic and middle ear mechanics following stimulation of the ef-
ferent system in the mammalian auditory system (Mountain, 1980; Siegel & Kim,
1980).

It may be that the frequency-dependent properties of the microphonic potential,
which are modified by efferent stimulation, are due to the electrical properties of
the hair cells. For example, Crawford & Fettiplace (1981) have attributed the
frequency tuning of hair cells in the turtle cochlea to an electrical resonance in their
membrane properties. However, the possibility of similar electrical resonances
occurring as a property of hair cell membranes in lateral line receptors has yet to be
explored.

The non-linear properties of the intracellular receptor potentials recorded from
lateral line organs — in particular, their saturation and harmonic distortion —~ are also
influenced by efferent stimulation. Outside their linear range the extracellularly
recorded receptor potentials share a property in common with intracellularly recorded
potentials from inner hair cells in the mammalian cochlea. From frequencies well
below their centre frequency, the responses of the hair cells saturate at increasingly
lower amplitudes with increasing stimulus frequency (Russell & Sellick, 1978). When
the efferent fibres are stimulated, the rate of saturation of the lateral line microphonic
and summating potentials tends to be reduced, although the frequency-dependent
trend in their saturation remains. Efferent stimulation also reduces the harmonic
distortion of the waveform, making it appear more symmetrical in the depolarizing
direction (Fig. 7) and this reduction is also frequency dependent. It may be that the
efferent fibres have altered the electrical properties of the hair cells in such a way as
to reduce the voltage sensitivity of the cells’ membrane conductance. Current-voltage
studies of hair cells in the isolated frog sacculus by Corey & Hudspeth (1979) showed
that they became strongly rectified when polarized or depolarized. If the rectification
is virtually instantaneous, then it could account for our observations. However, the
time courses of the conductance changes underlying their observations have not been
described and similar conductance changes operating in lateral line hair cells may be
too slow to account for the saturation of the microphonic and summating potentials.
If saturation is due to limitations in the motion of stereocilia, then they behave as if
they offer progressively increasing resistance to displacements towards the
kinocilium. If this is so, then efferent stimulation appears to change their behaviour
as hardening springs and make them more linear. The precise nature of the post
synaptic action of efferent fibres on hair cells must await further intracellular and
micromechanical studies.
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