The Journal of Neuroscience,

January

1, 1996, 76(1):325-332

The Effect of Efferent Stimulation on Basilar Membrane
Displacement in the Basal Turn of the Guinea Pig Cochlea
Euan Murugasu1s2

and Ian J. Russell1

‘School of Biological Sciences, University of Sussex, Falmer, Brighton BN 7 9QG, United Kingdom, and
2Ear, Nose, and Throat Deoartment, Royal Sussex County Hospital, Brighton BN2 5BE, United Kingdom

Tone-evoked
basilar membrane
(BM) displacements
were
measured with a laser diode interferometer
from the basal turn
of the guinea pig cochlea. The olivocochlear
bundle (OCB) was
electrically stimulated for 60 -80 msec periods at rates of ~200
set-’
via electrodes
placed at the point at which the OCB
crosses the floor of the fourth ventricle. For tones close to the
best or characteristic
frequency (CF), OCB stimulation tended
to linearize the highly compressive
displacement-level
functions and to displace the steep, low-level region toward higher
intensities along the intensity axis by ~27 dB sound pressure
levels. This shift resulted in a desensitization
of the tip of the BM
displacement
tuning curve that was associated sometimes with
downward
shifts in the tuning curve CF of <500 Hz. OCBinduced suppression
of the BM response was not associated
with a consistent broadening
of the tuning curve or with major

changes in the phase of the BM response. At frequencies in the
low-frequency
tail of the tuning curve, OCB stimulation had no
observable effect on the motion of the BM. The effect of OCB
stimulation on the BM response was blocked by perfusing the
Scala tympani with 1 PM strychnine. Thus, the effect of OCB
stimulation on the frequency tuning of the BM is very similar to
the effect of OCB stimulation on the sensitivity and frequency
tuning of afferent fibers and inner hair cells. The results indicate
that the postsynaptic
action of the OCB may cause a change in
gain of the voltage-dependent
outer hair cell motility without
observable changes in the stiffness of the cochlear partition or
the position of the BM.
Key words: cochlea; basilar membrane displacement;
olivocochlear bundle; efferent; frequency tuning; guinea pig; laser
diode interferometer

The site of mechanotransduc-tion
in the organ of Corti, the mammalian cochlea,is the narrow, fluid-filled subtectorialspacethat
forms the interface betweenthe tectorial membrane(TM) and the
cuticular plate of the organ of Corti. The sensoryhair bundlesof
the inner hair cells(IHC) protrude into this spaceand are thought
to be displacedby the viscousdrag of fluid flow causedby shear
displacements
betweenthe TM and the cuticular plate in response
to auditory stimulation (Dallos et al., 1972;Dallos, 1973;Sellick
and Russell,1980).The sheardisplacementimparted to the IHC
stereociliaprobably is determined in part by the geometry and
mechanicalproperties of the cochlear partition and TM (Allen,
1980;Zwislocki and Kletsky, 1980)and by mechanicalfeedback
(Kemp, 1978;Kim et al., 1980;Weiss,1982;Davis, 1983)contributed by the voltage-dependentmotility of three or more rows of
outer hair cells (OHC) (Brownell et al., 1985; Ashmore, 1987;
Santos-Sacchiand Dilger, 1988;Dallos et al., 1991),hair bundles
of which form a structural link betweenthe organof Corti and the
TM. The feedback is believed to be crucial in determining the
frequency selectivity and sensitivity that are characteristicof each
position along the length of the basilar membrane(BM) and of
eachhair cell and auditory nerve fiber in the organ of Corti. The
presenceof the impressiveboutons of the olivocochlear bundle
(OCB) that terminate on the basaland basolateralmembranesof

OHC hasled to speculationthat, through the modificationof the
electrical and mechanicalproperties of the OHC and, consequently, the sound-evokedsheardisplacementsbetweenthe TM
and the cuticular plate, the OCB controlsthe gain of the feedback
and, hence,the sensitivityand frequency selectivity of the cochlea
(for review, seeWiederhold, 1986).
Fibers of the OCB exert a predominantly inhibitory effect on
the sound-evokedresponses
of the cochlea.Electrical stimulation
of the medial component of the OCB reducesthe amplitude of
the click-evoked compoundaction potential (CAP) in the auditory nerve (Galambos,1956),enhancesthe cochlearmicrophonic
(CM) (Fex, 1959), and alters the level of acoustic distortion
measuredat the external auditory meatus(Mountain, 1980).The
action of the OCB on the OHC isfrequency-dependentin that the
suppressionof both IHC receptor potentials (Brown and Nuttall,
1984) and afferent nerve fiber activity (Wiederhold and Kiang,
1970) is greatest at the peak (characteristic frequency) of the
tuning curve (CF).
In this study, we measuredthe effects of OCB activation on
tone-evokeddisplacements
of the BM in the basal,high-frequency
turn of the guineapig cochleaand postulatehow the OCB exerts
its influenceon the sound-evokedresponsesof the cochlea.
An abstract basedon some of the findings reported in this
paper has been published previously (Murugasu and Russell,
1994).
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MATERIALS
Animal

preparation

AND METHODS
and

electrophysiological

recording

and

stimulation.

Youngpigmented
guineapigsweighing180-300gmfrom thelaboratorymaintained

colony

were used in this study.

The animals

were anesthetized

with sodiumpentobarbitone
(30 mg/ml),phenoperidine
(1 ms/ml),and
droperidol(4mg/ml)(Evans,1979),anda trachealcannulawasinserted.
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Operidine was administered every 40 min, and the body temperature of
the guinea pig was kept at 38°C with a heating blanket. The heart rate was
monitored via a pair of skin electrodes placed on both sides of the thorax.
The right cochlea was exposed through a lateral opening in the temporal
bone and was back-illuminated by a fiberoptic light guide inserted
through a hole made in the basal wall of the bulla. The BM was exposed
through a small fenestra -1 mm X 0.5 mm made in the bony wall of the
basal turn of the cochlea.
The CAP of the cochlear nerve and the CM were recorded with an
electrode placed on the round window. The Ag-AgCl reference electrode was inserted in the neck muscles. A fine cannula (cl00 pm
diameter) was inserted through a small incision in the round window,
and HEPES-buffered HBSS (pH 7.4,320 mOsm/l) or 1 pM solutions of
strychnine sulfate in HBSS were perfused at room temperature (2224°C) through the basal turn of the cochlea at a rate of 2.5 pl/min with
a syringe pump. As in Puel et al. (1990) and Fitzgerald et al. (1993), no
attempt was made to warm the solution to body temperature because
perfusion with artificial perilymph did not cause perceptible changes in
either the CAP audiogram or the BM displacement responses to tones.
The solution flowed out through the fenestra in the basal turn, where
it was collected by a dental point that acted as a fine, absorbent wick.
The wick was positioned so that fluid did not escape into the middle
ear, and the shape of the meniscus of the perilymph in the fenestra was
kept constant to provide a view of the BM. Thus, only regions basal to
the 10 kHz region of the cochlea were perfused fully with HBSS or
strychnine solution. In this series of experiments, the criterion for a
sensitive preparation was one in which the change in the pure-tone
CAP threshold audiogram over the range of l-2.5 kHz after exposure of
the BM was <lo dB sound pressure levels (SPL).
The OCB was stimulated at the point at which it crosses the floor of
the fourth ventricle, near the genu of the facial nerve. In 300-400 gm
guinea pigs, this is -3.5-4 mm rostra1 to the obex of the medulla. The
COCB was stimulated by a simple technique developed in this laboratory in which the muscles and connective tissue overlying the foramen
magnum were removed and a small incision was made in the dura
covering the foramen; through this incision a pair of flexible, Tefloncoated wire electrodes were advanced rostrally along the floor of the
fourth ventricle until the tips were near the point of crossing of the
OCB. The electrodes were 200 pm in diameter, the tips were separated
by 500 pm, and the insulation was removed to expose 500 pm of the tip.
The position of the electrodes was adjusted so that a train of 16 pulses
(0.2 msec at 200/set with amplitudes of l-2 V) caused only the tips of
the pinna to move. If the whiskers moved, the electrode tips were too
far rostral; if the neck muscles contracted, the tips were too far caudal.
The stimulus amplitude required to excite the OCB usually was lower
than that required to cause muscle contraction and usually did not
exceed 1.5 V. Because the impedance of the electrodes measured in sifu
was -0.5 MfI, the current necessary to excite the OCB was only -3
mA. After the successful placement of the OCB-stimulating electrodes,
the animals were paralyzed with Flaxedil (gallamine triethiodide) (0.4
mg/kg) and artificially respired with 95% 0,/5% CO,. The dose of
Flaxedil that was administered (Brown and Nuttall, 1984; Reiter and
Lieberman, 1995) was sufficient to abolish visible twitch responses and
any that might be detected by the interferometer when directed at the
bony wall of the cochlea, even at shock levels lo-fold greater than those
required to excite the OCB.
Measurement
of BM displacement.
Displacements of the BM were
measured by the self-mixing effect of a laser diode. The technique is
similar to that using gas lasers (O’Neil and Beardon, 1993), but the
interferometer is more compact and easier to implement for in viva
measurements. The self-mixing in a laser diode depends on reflecting
back a small proportion of the light emitted by the laser into the laser
cavity (Koelink et al., 1992). Interference between light within the
cavity and light reflected back into the cavity from the target modulates
the intensity of the laser. As the target is displaced along the beam axis,
the intensity of the laser varies sinusoidally with a period corresponding to a displacement of $2, where y is the wavelength of the laser
light, 670 nm. For the case of a target oscillating by an amount r around
a fixed position P,,
P(t)

= P, + r sin(wt),

(1)

where P(t) is the target position. Providing that the interferometer is
operating around the quadrature point, i.e., the a position at which P,
is an integer function of y/2, the method underestimates r by <3% for
changes in r of less than 245 nm around the quadrature point. The
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displacement-dependent
effect was measured in the signal of the photodiode, which is located behind the laser crystal in the laser diode
housing. The bandwidth of the displacement-dependent
signal was 200
kHz. Calibration of the signal was achieved by displacing the interferometer a known amount by a piezoelectric driver that moved 12.5
rim/V. The piezoelectric driver also was fed by an amplified signal from
the photodiode that was low-pass-filtered with a corner frequency of
100 Hz, and a DC reference voltage was used to set the quadrature
point of the interferometer. This system provided a negative feedback
system that enabled the interferometer to track gross movements of the
preparation such as those caused by respiratory movements and heartbeat while preserving sensitivity for the high-frequency, tone-evoked
displacements of the BM. Although the experiments were performed
on a vibration isolation table (Newport, Irvine, CA), the system could
not cope with gross relative movements between the diode and the BM
of >lO km. If strong extraneous movements caused the operating point
of the interferometer to move away from the quadrature point, there
was a pronounced reduction in sensitivity and sometimes a reversal in
phase of the apparent motion of the BM. When this happened, in most
instances, the measurements were repeated; in other cases, it was
possible to correct for the change in gain and phase reversal after the
event. The high-pass characteristics of the displacement-measuring
system prevented the recording of tonic displacements of the BM that
were represented, together with the larger, gross displacements of the
preparation, in the feedback signal to the piezoelectric transducer.
However, it was possible to measure tonic displacements either by
disconnecting the feedback or by monitoring the feedback, providing
the relative movements between the interferometer and the preparation were below -10 nm.
The beam from the laser diode was focused to form a lo-pmdiameter spot in the middle of the basal turn of the BM. Only light
from the plane of focus was reflected back into the laser cavity. The
most reflective structures in this region of the BM are the bases of the
outer pillar ceils and Deiters ceils, and it is likely that the measurements of BM displacement reported here are based on reflections from
these structures. In these experiments, it was relatively easy to direct
the beam to any position on the BM that was visible through the
opening in the wall of the basal turn of the cochlea and to compare
vibrations of the BM with those of a fixed structure, such as the spiral
lamina, that did not produce tuned displacements to tones presented at
the tympanic membrane. The frequency range of the BM that was
exposed by the opening was 14-19 kHz, but most measurements
reported here were made near 15 kHz.
Acoustic
stimulation
and measurement.
Sound was delivered to the
tympanic membrane by a closed acoustic system comprising two Bruel
and Kjaer 4133 microphones with 0.625 cm couplers for delivering tones
and a Bruel and Kjaer 3134 probe microphone with a 0.625 cm coupler
for monitoring the sound pressure at the tympanum. Pure-tone stimuli
were generated by two Hewlett Packard 325 synthesizers and fed into two
computer-controlled gates and into two General Purpose Interface Buscontrolled attenuators (designed and constructed by James Hartley, University of Sussex, Brighton, UK). The sound system was calibrated in situ
for frequencies between 1 and 30 kHz such that known sound pressure
levels expressed in dB (dB re 2 X 10e5 Pa) were used in the experiments.
The sound system was calibrated before and during
the experiment
following major procedures including the opening of the middle ear,
fenestration of the basal turn of the cochlea, insertion of the OCB
electrode and perfusion of the basal turn of the cochlea. Continuous
tones and tone bursts are presented at known sound pressure levels, also
expressed in this paper in dB SPL (dB, 2 X lo-” Pa).
Acoustic stimulation and acquisition was controlled by a PC using
ASYST (Keithley) software.
Signal analysis. Voltage signals from the interferometer were amplified
and directed to a two-channel lock-in amplifier set in quadrature (EG&G
model 5210, Princeton, NJ). The time constant of the lock-in amplifier
was 10 msec, and the reference signal was the driving voltage to the
high-frequency sound delivery system. Signals from the in-phase and
quadrature channels of the lock-in amplifiers were sampled at 0.1-0.5
msec intervals, and the magnitude of the phasic response of the voltage
signal from the interferometer was computed either on-line or from data
stored on disk by the PC.
Experimental
protocol.
The CAP audiogram was measured at critical
times throughout the experiment to provide information about any frequency-dependent changes in sensitivity after fenestration of the cochlea
or placement of the OCB-stimulating electrodes and during stimulation
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Figure 1. A, CAP audiogram. (0) Audiogram after fenestration of the
cochlea to expose the 14-20 kHz region of the BM. (A) Audiogram in
which each test tone was preceded by a 60 msec burst of stimulation of the
OCB at 150 set-‘. B, CM recorded from the round window in response to
1 kHz tones as a function of the level of the tone. (0) Tone alone. (A) CM
in which each test tone was preceded by a 60 msec burst of stimulation of
the OCB at 150 see-‘.
of the OCB. Figure L4 shows the effect of stimulating the OCB on the
CAP audiogram in a single preparation. It can be seen that the effect of
OCB stimulation is not uniform across frequencies and is greatest in this
preparation for frequencies between 13 and 20 kHz. The frequency of
maximum suppression of the CAP varied between preparations from -9
to 13 kHz. Figure 1B shows an example of the augmentation of the CM
recorded at the round window in response to 1 kHz tones after OCB
stimulation, which was recorded at the beginning of each experiment. The
augmentation of the CM is an indication that the CAP suppression is
attributable to the postsynaptic action of the OCB on the OHC rather
than to attenuation of the acoustic signal reaching the cochlea through
contraction of the middle ear muscles (Desmedt et al., 1971).

RESULTS
Level-dependent OCB suppression of BM
displacement at CF
The level- and frequency-dzpendent action of OCB stimulation
on BM displacementwasmeasuredfrom locationswith CF values
between 14.5 and 18 kHz in the basal turn of the cochlea. The
effect of OCB stimulation on the displacementof the BM as a
function of level (displacement-levelfunction) was measuredat
the CF of the measuringsite (Fig. 2) andat frequenciesaboveand
below the CF (Fig. 3). At the CF of the measurementpoint on the
BM, the intensity functionswere both sensitiveand compressive
compared with similar functions obtained at other frequencies.
The effect of the OCB stimulation was to reduce the dynamic
rangeof the compressivephasereversiblyby 18.3 -t 4.6 dB (mean
? SD) (27.6dB maximum,14 dB minimum,12= 7) and,hence,to
displace the steep, low-level portion of the intensity function
toward higherintensitiesalongthe intensity axis.OCB stimulation
had no apparenteffect on BM displacements
in responseto tones
at frequenciesmore than one-half an octavebelow or one-third of
an octave above the CF; in addition, OCB stimulation did not
cause an observabletonic displacementof the BM (data not
shown).
Frequency tuning curves during OCB stimulation
The frequency dependenceof OCB stimulationon BM displacement can be seenin Figures 4, 7, and 8 in which isoresponse
frequency functions for six preparations(I-VI) are plotted before
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Figure 2. BM displacement as a function of tone level in response to tone
alone (0) and accompanied by OCB stimulation (0) from four preparations for frequencies at or near CF.

and during OCB stimulation.The 2 nm isoresponse
tuning curves
were derived from intensity functions similar to those shown in
Figures 2 and 3 and are based on the SPL required at each
frequency to causea 2 nm displacementof the BM. The 2 nm
criterion waschosenbecauseit wasjust within the dynamicrange
of the displacement-levelfunctions and above the l-l.5 nm noise
floor of the recording systemfor singlemeasurements.In each
case,there wasa significantelevation of the tip of the tuning curve
(18.3 ? 4.6 dB, n = 7) but no change in the sensitivity of the
low-frequencytail. In three preparationsthere wasno changein
the CF after OCB stimulation,and in the other three preparations
the CF moved 500Hz to lower frequencies.There wasno significant changein Qlodn (CF divided by the bandwidth, 10 dB from
the tip) after OCB stimulationin one preparation, a slight reduction in the Qlodein four preparations,and a significantincreasein
one preparation (VI, see Fig. 8) (see Table 1). There was no
correlation betweenchangesin the CF and Qlods.
OCB suppression of BM displacement is reversibly
blocked by strychnine
Strychnine hasbeen shownto block the inhibitory action of the
OCB in the cochlea without altering cochlear thresholds (for
review, see Klinke and Galley, 1974; Eybalin, 1993). The BM
displacementintensity functions measuredat successive
timesin a
single preparation, shown in Figure 5, illustrate the effects of
electrical stimulationof the OCB on BM displacementto tonesat
or closeto the CF when the Scalatympani first is perfusedwith
artificial perilymph, then during perfusionwith 1 PM strychnine in
artificial

perilymph

and, finally, after wash-out

with artificial

per-

ilymph. It can be seenthat perfusionwith the strychnine solution
causeda reversibleblock of the OCB-inducedsuppressionof the
BM responseto tonesnear the CF.
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4. lsoresponse
tuningcurvesfor BM displacements
of 2 nmfor
the tonepresented
alone(0) andduringOCBstimulation(0) from four
preparations.Each preparationis identifiedby a romm numernl for
comparison
with the datain Table1.

Figure

The effect of OCB stimulation on the phase of
BM displacement
The phaseof the BM displacementas a function of frequency
comparedwith the microphone-drivingvoltage wasmeasuredto
seehow the phasewasinfluencedby OCB stimulation.Phasewas
measuredas a function of frequency at a constant level (Fig. 6)
and as a function of level at constantfrequency with and without
OCB stimulation (Figs. 2, 3). From such measurements,it was
possibleto measurethe phaseof the BM as a function of frequency at constantdisplacement.Examplesof the phaseof 2 nm
displacementsof the BM as a function of the frequency of the
tone are shownin Figure 7A and, for displacementsof 2 and 10
nm, in Figure 8,4. In both figures, COCB stimulation does not
appearto changethe phaseof the tone-evokedBM displacements
at either of the isoresponse
criteria. In Figure 8, which is derived
from the data shown in Figure 3, there are no clear phase
differencesbetween the 2 and 10 nm responses.However, the
bandwidth of the tuning curve in this preparation becamenarrower at 10 nm criterion (Q,odn = 6.7) comparedwith the 2 nm
criterion (Q,,,, = 5.5). With OCB stimulation,the bandwidthsat
2 nm (Qlode= 10.1)and 10nm (Qlodn = 13.1)were reducedeven
further.

Robles et al., 1991), noxious agents (Ruggero and Rich, 1991;
Murugasu and Russell,199.5),and intensetones (Patuzzi et al.,
1984;Cooper and Rhode, 1992),stimulation of the OCB tended
to linearize the initially highly compressivedisplacement-level
functions and shift them along the level axis toward higher SPL.
However, there was no equivalent shift in the phase-levelfunctions (Fig. 3) or in the isoresponse
phase-frequencyrelationships
(Figs. 7, 8). Thus, the effects of OCB stimulation on the magnitude and phaseof BM displacementwere similarto the effectsof
OCB stimulationon neuralrate-level functionsreported by Wiederhold (1970) and Teas et al. (1972) and neural phase(Gifford
and Guinan, 1983)for low-level tones.
OCB-induced suppressionof the BM responsewasnot associated with a consistent broadening of the tuning curve and, in
preparation VI, it wasassociatedwith a marked decreasein the
bandwidth of the tuning curve (increase in Qlode). The bandwidths of isoresponsetuning curves based on suprathreshold
criteria can be narrower than those of threshold tuning curves

DISCUSSION
Data presentedin this paper show that electrical stimulation of
the OCB changestone-evoked displacementsof the cochlear
partition. These changesare reflected in a reduction in the sensitivity of BM displacementto tones near the CF by up to 27 dB
SPL. A similarOCB-inducedreduction in BM velocity in the basal
turn of the guinea pig cochlea was reported in an abstract by
Dolan and Nuttall (1994).As in other desensitizingmanipulations
of the cochlea, such as two-tone suppression(Rhode, 1977;

Table

1. CF and bandwidth

measures

No.

CF(kHz)

CFe,@Hz)

Ql”dU

I
II

19

18.5

6.6

6.2

14.5

14.5

7.0

7.0

III

14.5

14.5

1.8

5.6

IV
V
VI

15
16.5
17.5

15

5.1

5.6

16.0

7.6

6.8

17.0

5.5

10.1

QIOdHcff

The CF, the CF after stimulation of the OCB (CF,,), the bandwidth measure 10 dB
from the tip divided by the CF (Qlode), and Q Iljda after stimulation of the OCB
(Qlode,,J for six preparations (No.) are shown.

Murugasu

and Russell

l

Efferent Modulation

Control

of Basilar Membrane

Strychnine

I'

dB SPL

-900

0-o

dB SPL

,, , ,,,
6

dB SPL

5. BM displacement as a function of tone level in response to
tone alone (0) and accompanied by OCB stimulation (0) from a single
preparation (CF = 17 kHz) in response to a 15 kHz tone. Control,
During a 10 min perfusion of the Scala tympani of the basal turn with
artificial perilymph. Strychnine:, After a 10 min perfusion of the Scala
tympani with 1 pM strychnine. Wash-out, After a 15 min perfusion with
artificial perilymph.

(Evans, 1972;Russelland Sellick, 1978) for IHC. However, the
narrowing of the isoresponsetuning curve in preparation VI
after OCB stimulation was far greater than that obtained by
increasing the criterion on which the tuning curve is based
(from 2 to 10 nm) and appeared to be attributable to strong
inhibition of the BM displacementto tones at frequencies on
the high and low frequency slopesof the tuning curve peak.
The slight downward shift of the CF of -500 Hz, also seenin
I and V, was caused by stronger
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responsesto frequencies at and just above the CF than to
frequenciesbelow it. At frequenciesin the low-frequency tail of
the tuning curve, OCB stimulation had no observableeffect on
the motion of the BM. Strychnine, a powerful blocker of the
effects of OCB stimulation on the receptor potentials and
neural activity of the cochlea, also blocked the effect of OCB

) ( , ,, ,,,
10

15

Frequency

\
,, , ,,(
20

20 .I ,

25

,

, , ,,,

1

(kHr)

10

Frequency

, , ,,
20 30

(kHz)

7. Phase and magnitude of tone-evoked BM displacements of
preparation V. A, Phase of BM displacement as a function of frequency
for BM displacements of 2 nm (-)
and during OCB stimulation
(- - - - -). B, BM isoresponse tuning curves for 2 nm criterion (-)
and
during OCB stimulation (- - - - -).

Figure

stimulation on tone-evoked displacementsof the BM when
perfused into the Scala tympani in concentrations of 1 PM.
Thus, the effect of OCB stimulation on tone-evoked displacementsof the BM is very similar to previous reports of the effect
of OCB stimulation on the sensitivity and frequency tuning of
afferent fibers (Fex, 1962; Wiederhold, 1970; Wiederhold and
Kiang, 1970; Gifford and Guinan, 1983) and inner hair cells
(Brown and Nuttall, 1984).
How could OCB stimulation control the mechanical
responses of the BM?
There are severalwaysin which OCB stimulationmight influence
the responsesof the BM. For example, OCB stimulation could
causea decreasein the stiffnessof the cochlear partition, or it
could reduce the OHC feedback to the cochlear partition by
biasingeither the transducerconductanceor the OHC electroB
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Figure 8. Phase and magnitude of tone-evoked BM displacements of
preparation VI. A, Phase of BM displacement as a function of frequency
for BM of 2 nm (thin line), during OCB stimulation (dashed line), for 10
nm displacements (thick line), and during OCB stimulation (thick dashed
line).

B, BM isoresponse
tuningcurvesfor 2 nmcriterion(thin

line),

during

OCB stimulation (dashed line), for 10 nm criterion (thick line), and during
OCB stimulation (thick dashed line).
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motility away from their most effective operating points (Patuzzi
and Rajan, 1990). Also, via changes in the OHC basolateral
conductances, one consequence of OCB activation could be effectively to shunt transmembrane or transcellular voltages (Fex,
1962; Flock and Russell, 1973; Wiederhold, 1986) away from the
OHC motor, thereby reducing feedback from the OHC motility to
the cochlear partition.
Does OCB stimulation
cause a change in the stiffness
of the cochlear partition?
The forces exerted by OHC are related to their turgor pressure
and axial stiffness and treatments, including salicylate, which reduce OHC turgor and thereby decrease the magnitude of the
electromotility (Brownell et al., 1989a,b; Shehata et al., 1991;
Russell and Schauz, in press). The axial stiffness of OHC has been
shown to contribute significantly to the transverse stiffness of the
cochlear partition. After perfusion of the Scala tympani with
salicylate, the sensitivity and frequency selectivity of the BM
isoresponse tuning curve were decreased, the CF was shifted to
lower frequencies, and the low-frequency tail of the tuning curve
was sensitized (Murugasu and Russell, 1995). However, after
OCB stimulation, the tip of the tuning curve was not broadened
consistently, the CF did not undergo large shifts to lower frequencies, there was no observable increase in the sensitivity of the
tuning curve tail, and there was no reduction in the rate of change
in the phase of BM displacement near the CF-changes
that
might have been expected if the transverse stiffness of the cochlear
partition were reduced significantly (Allen, 1990). It is unlikely,
therefore, that efferent stimulation changes the stiffness of the
cochlear partition.
Does OCB stimulation
reduce the driving voltage to
the cochlear amplifier?
The sensitivity and frequency selectivity of BM responses to
tones are degraded reversibly when the current flow through
the transducer conductance and, hence, the driving voltage to
the OHC motor are reduced (Ruggero and Rich, 1991). If the
postsynaptic action of the OCB is similar to that of efferent
fibers in other sense organs of the acousticolateralis system
(Flock and Russell, 1973; Ashmore and Russell, 1982; Art et
al., 1984), then the flow of receptor current through the transducer conductance is likely to be enhanced by OCB stimulation
as a consequence of driving the OHC membrane potential
toward the potassium equilibrium potential (EK). The finding
that CM is increased during OCB stimulation (Fex, 1959) (see
Fig. 1B) supports this proposal. However, the action of the
OCB is inhibitory. To explain this apparent anomaly, it was
proposed that the postsynaptic action of the efferent fibers
reduced the membrane resistance and, hence, shunted the
receptor current (Fex, 1962; Flock and Russell, 1973; Wiederhold, 1986). For lateral line and vestibular hair cells, the
combination of reduced membrane resistance and hyperpolarization will reduce both the driving voltage for the control of
afferent transmitter release and the probability of opening of
the voltage-controlled calcium channels and, consequently, the
release of afferent transmitter (for review, see Roberts et al.,
1988). Presumably, a similar shunting action by the OCB would
reduce the driving voltage to the voltage-dependent motility.
However, the magnitude of phasic, transmembrane potential
changes is strongly susceptible to changes in membrane resis-
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tance only for frequencies well below the cut-off frequency of
the electrical low-pass filtering of the hair cell. Above this
frequency (-1 kHz for basal turn OHC; Russell et al., 1986)
the electrical impedance of the hair cell is dominated by
membrane capacitance, and changes in basolateral membrane
resistance have little effect on the magnitude of the AC component of the receptor potential (Russell and Kiissl, 1991). It is
unlikely, therefore, that stimulation of the OCB shunts the
driving voltage from the OHC voltage-dependent motility.
Does OCB stimulation alter the operating points of
forward and reverse transduction?
Forward transduction (the displacement-dependent gating of the
hair cell transducer channels) and reverse transduction (the voltagedependent mechanical feedback from the OHC) are nonlinear processes (for review, see Hudspeth, 1989; Dallos, 1992). OHC in the
basal turn of the guinea pig cochlea operate around a point of their
transducer function near the maximum slope of the transducer
function, where the DC component is minimal (Russell et al., 1986;
Russell and Kossl, 1992a). Displacements of the BM either toward or
away from the Scala tympani reduce the sensitivity and frequency
selectivity of the cochlea presumably by displacing the OHC transducer conductance away from its optimal operating position (Patuzzi
and Sellick, 1984; Russell and Kossl, 1992b). Stimulation of the OCB
did not cause measurable tonic displacements of the BM. In fact,
Patuzzi and Rajan (1990) have estimated that the lengthening of the
OHC caused by OCB-induced hyperpolarization should move the
BM by between 0.7 and 1.3 nm toward the Scala vestibuli during
OCB stimulation, which is near the noise floor for single measurements reported here. They concluded that such displacements are
unlikely to cause a significant reduction in the sensitivity of the OHC
transducer, a doubt that is substantiated by the observed increase in
CM during OCB stimulation. Therefore, it is unlikely that OCB
stimulation causes a significant shift in the operating point for forward transduction.
The relationship between OHC membrane potential and OHC
motility is voltage-sensitive (Santos-Sacchi and Dilger, 1988;
Santos-Sacchi, 1989). Santos-Sacchi et al. (1994) found that the
point of maximal gain can vary from 0 mV, at which the OHC
would be completely depolarized, to near -70 mV, which is
similar to the resting potential of OHC measured in situ (Dallos et
al., 1982; Russell and Sellick, 1983). The operating point of the
voltage-dependent motility is displaced toward the insensitive
region of operation when the OHC membrane potential is made
more negative (Ashmore, 1987; Santos-Sacchi and Dilger, 1988)
and when the OHC turgor is increased (Kakehata and SantosSacchi, 1995), as it can be during prolonged hyperpolarization
(Shehata et al., 1991). Thus, even quite small levels of OCBinduced hyperpolarization, while increasing the driving voltage for
the transducer current, could displace the operating point of
reverse transduction further away from the optimum operating
position, thus reducing the gain of the cochlear amplifier and
feedback to the cochlear partition.
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