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The Phase and Magnitude of Hair Cell Receptor Potentials and 
Frequency Tuning in the Guinea Pig Cochlea 

Manfred KiissP and Ian J. Russell 

School of Biological Sciences, University of Sussex, Falmer, Brighton, BNl 9QG, England 

Voltage responses to tones were recorded intracellularly 
from inner (IHC) and outer (OHC) hair cells in the basal turn 
of the guinea pig cochlea. Tone-evoked voltage responses 
were also recorded extracellularly from fluid-filled spaces 
adjacent to the hair cells and from supporting cells. The AC 
component of the OHC voltage responses to tones at fre- 
quencies between 8 and 24 kHz and those recorded extra- 
cellularly were remarkably similar with respect to phase as 
a function of sound level, but the magnitude of the AC re- 
sponse was 2-10 times larger when recorded intracellularly 
from an OHC. At frequencies more than half an octave below 
the characteristic frequency (CF), the phase of OHC AC re- 
sponse was independent of level, and the slope of the mag- 
nitude/level functions was 1 dB/db. At levels exceeding about 
70 dB SPL, the slopes became less steep and depolarizing 
IHC and OHC DC responses appeared. At frequencies one- 
half an octave below CF and at frequencies between one- 
third and one-half an octave above CF, notches were present 
in the AC/level function between 70-100 dB SPL that were 
accompanied by a sudden phase lag of - 180”. These fre- 
quency- and level-dependent characteristics were also 
present in relatively insensitive preparations and were at- 
tributed to a change in the phase of OHC excitation due to 
level-dependent changes in the relative stiffness of the me- 
chanical components of the cochlear partition. At CF the 
detection thresholds of the OHC AC response and IHC DC 
response and slopes of the response/level functions were 
similar. At sound levels around 80 dB SPL, the AC signal 
began to phase lead, amounting to approximately 90” at 70 
dB SPL. Within the same range of levels, the OHC DC po- 
tentials first appeared and the IHC DC response began to 
saturate. At frequencies just above the CF, the phase of the 
AC component increased with level to a lead of about 180”. 
OHC and IHC tuning curves are comparable in the tip region, 
but they differ in that the low- and high-frequency shoulders 
of the OHC AC tuning curves are more sensitive by lo-30 
dB SPL. On the basis of the frequency- and level-dependent 
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characteristics of the IHC and OHC responses, it is proposed 
that OHC AC potentials provide a measure of the phase and 
magnitude of the proposed electromechanical feedback of 
the cochlear partition that enhance frequency tuning in the 
cochlea. 

The mechanosensitive channels of hair cells in the cochlea are 
gated when the stereocilia are displaced toward the tallest row 
(Hudspeth and Corey, 1977; Russell et al., 1986a,b). The precise 
way in which cochlear hair cells are mechanically excited is not 
known, but it is believed to occur as a consequence of shear 
displacements between the tectorial membrane and the basilar 
membrane, which are the two principal structural components 
of the cochlear partition (Davis, 1965). The rows of stereocilia 
of the outer hair cells (OHCs) in the mammalian cochlea are 
attached by their tips to the tectorial membrane and thus me- 
chanically link the tectorial and basilar membranes. As a con- 
sequence of their strategic location in the cochlear partition, 
OHCs play an essential role in the frequency tuning and sen- 
sitivity of the cochlea. Following selective damage to the OHCs, 
the electrophysiological and mechanical responses of the cochlea 
to acoustic stimulation become insensitive, linear, and broadly 
tuned (Liberman and Dodds, 1984; Brown et al., 1989). This 
finding, the measurement in situ of acoustic emissions from the 
cochlea (Kemp, 1978) and the discovery that, when isolated 
from the cochlea, the cell bodies of OHCs are capable of rapid 
voltage-dependent motility (Brownell et al., 1985), have led to 
the proposal that OHCs have an interactive role in sensory 
transduction in the cochlea (see Dallos, 1988, for a review). 
More specifically, it has been suggested that OHCs feed back 
energy, which overcomes viscous damping of the cochlear par- 
tition and provides the sharp frequency tuning of the cochlear 
responses (e.g., Weiss, 1982; Davis, 1983; Neely and Kim, 1983). 
It might be expected that the effectiveness of the proposed feed- 
back depends on the mechanical properties of the basilar and 
tectorial membranes and on the gain and phase of the feedback 
process that has been associated with the OHC transducer. In 
the experiments reported here we have compared the magnitude 
and phase of voltage responses of inner (IHC) and OHCs in the 
basal, high-frequency turn of the guinea pig cochlea to tones 
within an octave of the best frequency (CF, or characteristic 
frequency) of the hair cells (15-l 9 kHz) in an attempt to un- 
derstand how electromechanical feedback contributes to the 
tuning of the cochlea and to deduce the mechanical behavior 
of the tectorial membrane in combination with the OHCs. Some 
of the results presented here have been published in the pro- 
ceedings of a meeting (K&s1 and Russell, 1990). 
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Figure 1. Extracellular and intracellular voltage responses of an OHC 
to an 80 dB SPL, 100 Hz tone. The resting potential of the OHC was 
- 64 mV, and the detection threshold at the CF (18 kHz) was 19 dB 
SPL. 

Materials and Methods 
Animalpreparation and recording. Young pigmented guinea pigs weigh- 
ing 1 SO-300 gm were used in this study. The animals were anesthetized 
with sodium pentobarbitone (30 mg/ml), Operidine (1 mgml), and 
Droleptan (4 mg/ml) (Evans, 1979), and a tracheal cannula was inserted. 
The body temperature of the guinea pig was kept at 38°C with a heating 
blanket. The heart rate was monitored through a pair of skin electrodes 
placed on either side of the thorax. The right cochlea was exposed 
through a lateral opening in the temporal bone and back illuminated 
by a fiber optic light guide inserted through a hole made in the basal 
wall of the bulla. 

Micropipettes were pulled from 1 mm o.d. fiber-filled glass tubing 
and filled with 4 M potassium acetate and 0.1 M KCI. Resistances of the 
micropipettes ranged between 180 and 300 MQ when measured in the 
perilymph of the Scala tympani. The Ag-AgCl reference electrode was 
inserted in the neck muscles. 

The compound action potential (CAP) of the cochlear nerve was 
recorded with an electrode placed on the round window. 

Signal analysis. Voltage signals from the recording pipette were am- 
plified and directed to a two-channel lock-in amplifier (EG & G, Prince- 
ton, model 5210), and they were also low-pass filtered at 3 kHz and 
sampled at 0.1-0.5 msec intervals for storage and analysis on a micro- 
cornouter INTS). The reference sianal for the lock-in amnlifier was the 
driving vohage to the high-frequency (HP) sound delivery system. Sig- 
nals from the in-phase and quadrature channels of the lock-in amplifiers 
were also sampled at 0.14.5 msec intervals, and the phase and mag- 
nitude of the AC response of the voltage signal were computed either 
on line or from data stored on disk by the microcomputer. 

Acousticstimulation. Sound was delivered to the tympanic membrane 
by a calibrated closed acoustic system. High-frequency tones were de- 
livered through a Bruel and Kjaer 3 134 I/Z inch condenser microphone, 
and a Beyer DT48 dynamic ear phone was used to deliver the 100 Hz 
tones. Continuous tones and tone bursts were presented at known sound 
pressure level, expressed in this article in dB SPL (sound pressure level; 
dB re 2 x 10-j Pa). 

Exuerimental orocedures. The experimental procedures were adopted 
from-those set out in detail elsewhere (Cody and Russell, 1987; Russell 
and KBssl. 1991). The criteria for identifvine: IHCs and OHCs on the 
basis of membrane potentials and their voltage responses to tones and 
current injection were the same as those described in Cody and Russell 
(1987). In this series of experiments, the criterion for a sensitive prep- 
aration was one in which the change in the CAP threshold audiogram 
following exposure of the basilar membrane was less than 10 dB. The 
frequency compensation applied to phasic voltage responses recorded 
through the micropipette was based on the analysis of the frequency 

Frequency- and level-dependent magnitude and phase 
relationships of OHC receptor potentials to HF tones 
Intracellular voltage responses from OHCs were identified from 
the resting potentials of the cells (between -60 mV and -75 
mV); from the amplitude of tone-evoked voltage responses re- 
corded intracellularly from OHCs, which were 2-10 times larger 
than those recorded from either three supporting cells or extra- 
cellularly in the organ of Corti (Fig. 1); and from the observation 
that current injected through the recording electrode changed 
the voltage responses (Dallos and Cheatham, 199 1; Russell and 
Kijssl, 199 1). 

Tone-evoked voltage responses were recorded intracellularly 
from OHCs and extracellularly prior to penetration. The mag 
nitude and phase of the AC component of the intracellular and 
extracellular voltage response and the amplitude of the DC com- 
ponent of the voltage responses as functions of level and at 
frequencies between 10 kHz and 20 kHz are shown for an OHC 
in Figure 2. Inspection of Figure 2 reveals close correspondence 
between level functions based on intracellular recordings and 
those obtained immediately outside of the OHC (i.e., a further 
advancement of the electrode tip by about 1 pm results in pen- 
etration). It was difficult to make long-term stable intracellular 
recordings from OHCs, and in most cases data were collected 
over a wide range of frequencies when the electrode tip was 
located extracellularly with the tip in contact with the OHC 
membrane and intracellular responses were collected over a 
smaller frequency range for the duration of the stable intracel- 
lular recording (a few seconds to 10 min). The limited range of 
intracellular recordings formed the basis of comparison with 
those obtained extracellularly. Examples oflevel functions based 
on intracellular recording for a brief period from an OHC and 
several minutes from an immediately adjacent supporting cell 
are shown in Figure 3, where it can be seen that, over a limited 
range of frequencies, the level dependencies of intracellular and 
extracellular responses are virtually identical. 

The close correspondence between level functions based on 
intracellularly recorded voltage responses from OHCs and those 
recorded in the close vicinity of the OHCs was a constant char- 
acteristic of the 47 preparations that form the basis of this study. 
The close correlation between the extra- and intracellularly re- 
corded OHC responses extends to the rapid changes in phase 
and nonmonotonic growth with increasing sound levels that can 
be observed at certain frequencies, for example, 12 kHz and 20 
kHz (Fig. 2), 12 kHz and 24 kHz (Fig. 3). It is possible that 
these level-dependent effects are due to electrical interaction 
between locally and remotely generated signals. If this was the 
case, then strong differences between intracellularly and extra- 
cellularly recorded signals might be expected to be seen as a 
result of changes in the relative contributions of signals from 
intracellular and extracellular sources at the two recording sites. 
Furthermore, the phase transitions and level functions change 
more rapidly with level than might be expected through elec- 
trical interaction between signals originating in local and dis- 
tributed signal generators in the cochlea (see Dallos and Chea- 
tham, 1989). 

For the majority of stimulus frequencies spanning a range of 
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Figure 2. Tone-evoked voltage responses as functions of level (and at the frequencies shown) recorded intracellularly (solid triangles) and extra- 
cellularly (open circles) from an OHC. In each panel, the magnitude of the AC response (upper curves), the phase of the AC response (middle curves), 
and the amplitude of the DC receptor potential (lower curves) are plotted as a function of tone level. Resting potential of OHC, -70 mV, detection 
threshold at CF (16 kHz), 20 dB SPL. The magnitudes of the responses are root mean square (RMS) values, positive values of phase indicate leads, 
and the data have been compensated for recording system and membrane time constants of 3.5 kHz and 1.1 kHz, respectively. 

about one octave below the CF of the OHC to 3 kHz below the 4 and 7. The minimum point and secondary rise of the AC/ 
CF (15-l 9 kHz), the AC response grows with increasing level level function is associated with a sharp phase lag of the AC 
over a range of between 30 and 40 dB above the detection response of about - 180”. The nonmonotonic behavior of the 
threshold for the signal (7 rV) with a slope close to one and magnitude/level function and the associated phase lag of the 
then saturates. The mean and SD of the initial slope of 130 AC AC response were observed at frequencies approximately one- 
magnitude/level functions measured at frequencies below CF half an octave below the CF at intracellular and extracellular 
in 47 preparations are 1.02 + 0.04. For tone frequencies below recording locations in all 47 preparations used in this study and 
12 kHz, the phase of the AC response is relatively level inde- is regarded as a consistent feature of OHC AC level functions 
pendent. At stimulus frequencies approximately one-half an oc- at frequencies one-half an octave below CF. For tones at fre- 
tave below the CF of the OHC (12-l 3 kHz; see Figs. 2-4) the quencies below the CF of the OHC, positive DC responses of 
AC/level function is not a simple, monotonic curve, but is a the receptor potential are first detected when the AC/level func- 
triphasic function in that it grows and reaches a clear maximum tion begins to saturate, that is, at stimulus levels above 70 dB 
(at about 70 dB SPL) followed by a sharp decline (minimum SPL (Figs. 24). The AC/level function does not become satu- 
value at about 100 dB SPL), which in turn is followed by a steep rated by tones at the CF and at most frequencies above this 
rise. The secondary rise is not seen in the relationships in either within the range of levels that were employed (< 110 dB SPL). 
Figure 2 or Figure 3 because the sound levels used in gathering At the CF and at frequencies immediately above it, the initial 
this data were insufficient to elicit the effect, but the “notch” in slopes of the AC/level functions are between 0.3 and 0.6, re- 
the level function is seen in the relationships shown in Figures ducing to about 0.1 at levels above 70 dB SPL, and are thus 
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Figure 3. Tone-evoked voltage responses as functions of level (and at the frequencies shown) recorded intracellularly from an OHC (solid triangles) 
and a supporting cell (open circles). In each panel, the magnitude of the AC response (upper curves), the phase of the AC response (middle curves), 
and the amplitude of the DC receptor potential (lower curves) are plotted as a function of tone level. Resting potential of OHC, -65 mV, resting 
potential of supporting cell, - 84 mV, detection threshold at CF (19 kHz), 24 dB SPL. The magnitudes of the responses are RMS values, positive 
values of phase indicate leads, and the data have been compensated for recording system and membrane time constant of 3 kHz but not for the 
OHC membrane time constant, which was not determined. 

more shallow and compressive than at frequencies below the 
CF. Throughout the initial growth stage of the AC/level function 
at the CF, the phase of the AC response is independent of level, 
but at about 60 dB SPL, the phase begins to lead and reaches 
a lead of about +90” when the tone level exceeds 70 dB SPL. 
At this level the DC response is just measurable above the 
recording noise floor. Phase leads were encountered at this re- 
cording site with increasing sound level for tones at 19 kHz, 23 
kHz, and 25 kHz, and a phase lag was measured at 2 1 kHz (see 
Fig. 4). However, the frequency and level dependencies of the 
phase relationships of the AC response were far less consistent 
between preparations for frequencies above the CF than for 
frequencies below and at the CF. 

The level dependence of the phase of IHC and OHC AC 
responses as a function of frequency 

A more detailed description of the frequency and level depen- 
dence of the phase of the AC response was obtained by com- 
paring the phase of the AC response for low-level tones (LLs) 
(40 dB SPL), with the phase of the AC response at high levels 
(HLs) (100 dB SPL). At LLs the OHCs are operating within the 
most sensitive range of their response characteristics and the 
phase of the AC response is independent of level. At 100 dB 
SPL, the AC response is saturating, the contribution of the pro- 
posed electromechanical feedback to the voltage responses of 
the OHCs is minimal (Patuzzi et al., 1989; Zwislocki, 1990) 
and it is presumed that the responses of the OHCs are governed 
by the passive mechanical processes of the cochlea. Results from 
these measurements are shown in Figure 5 and are based on 
extracellular recordings of the AC responses from OHCs in two 
sensitive preparations (Fig. 5A,B), pooled results from six prep- 

arations with CFs between 18 kHz and 19 kHz (Fig. K’), and 
one preparation where a loss in the CAP threshold at the CF of 
20 dB was sustained when the basilar membrane was exposed 
(Fig. 5D). For tones at frequencies more than one-half an octave 
below the CF, the phase of the AC response at LLs tends to lag 
the HL responses by between - 10” and -40” (see Fig. 5AJ). 
At frequencies about one-half an octave below the CF, the phase 
of the LL AC response leads the HL AC response by up to 
+ 180” and by less than this amount as the frequency of the tone 
approaches the CF. At the CF, the LL response phase lags the 
HL AC response by about -9O”, and this lag increases to - 180” 
at frequencies just above CF. The LL response also phase lags 
the HL AC response at frequencies around one-half an octave 
above the CF, but at frequencies just below one-half an octave 
above the CF, the LL AC response leads the HL AC response 
by up to + 180”. Similar W-shaped phase difference/frequency 
curves were plotted for intracellular and extracellular recording 
sites in six preparations, and the means of all six measurements 
are shown in Figure 5C. In sensitive cells the phase of the LL 
signal lags the HL signal at CF, but not in insensitive prepa- 
rations where the phase of the LL CF response may be inde- 
pendent of level or leads the HL response by less than +20”. 
On the basis of the phase measurements of OHC AC responses 
measured in a total of 47 preparations, the LL response always 
leads the HL response at frequencies about one-half an octave 
below CF and again at frequencies between one-third and one- 
half an octave above CF, although the phase relationships are 
more variable between preparations above CF. These phase lags 
are robust phenomena in that they are also present in insensitive 
and poorly tuned preparations. The 90” phase lag at CF and the 
180” phase lag at frequencies within l-2 kHz above CF of the 



The Journal of Neuroscience, May 1992, 12(5) 1579 

8 kHz 
OH: k;;tra 

13 kHz 

180 

zi 90 
ml 

iz -9: 
-180 i- 

'5 
100 

g 10 

s 
1 

.l 

F 
100 

5 10 

: 1 

.l 

180 
a 90 

iE -9: 
-180 

I  1 

21 kHz 

180 
90 
0 
-90 
-180 

r10 

17 kHz 

t 
-90 
-180 

23 kHz 25 kHz 

J 

J” 

. 
3Zi-G5 

180 
90 
0 
-90 
-180 

10 Figure 4. Magnitude, phase, and DC 
response/level functions recorded ex- 

1 tracellularly from an OHC (CF, 18 kHz) 
at the frequencies indicated. The panels 

.l are arranged as in Figure 3. The mag- 
I 6 I 

35 70 105 35 70 105 
nitude is compensated for the single- 

Sound Pressure IdB SPL) 
pole, low-pass filtering of the recording 
electrode (comer frequency, 3.5 kHz). 

LL response with respect to the HL response are characteristic 
of sensitive well-tuned OHCs, but similar phase lags were never 
observed in preparations where a threshold loss of > 20 dB had 
been sustained at the CF. 

Comparison between IHC DC and OHC AC voltage 
responses to tones 
With present recording methods it is not possible to make in- 
tracellular recordings from an IHC and an adjacent OHC at the 
same time. However, essentially the same data can be collected 
by a single micropipette placed extracellularly close to an IHC. 
In this position, the AC responses are dominated by voltages 
generated by the OHCs (Russell and Sellick, 1983; Cody and 
Mountain, 1989); the amplitude and phase of the AC response 

as functions of level are almost identical to those recorded in- 
tracellularly from OHCs and adjacent supporting cells (compare 
Figs. 2-4 with Figs. 6, 7), and the level-dependent behaviors of 
the extracellular DC responses closely resemble those based on 
DC responses recorded intracellularly and extracellularly from 
IHCs (see Russell and Sellick, 1978, and Fig. 6). On this basis, 
attempts were made to describe the extracellular potentials in 
terms of the IHC DC and OHC AC responses from potentials 
recorded immediately adjacent to IHCs. In Figure 6, the am- 
plitude of the DC response of the extracellular IHC receptor 
potential and the magnitude and phase of the extracellular AC 
response of the OHC receptor potential to tones as functions of 
sound level are compared for tones at frequencies within an 
octave of the CF of the IHC (18 kHz). The frequency- and level- 
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dependent characteristics of the amplitude and phase of the 
OHC AC response (upper two curves in each trio of curves) are 
very similar to those shown in Figures 2-4. For frequencies 
below the CF, the level dependence of the IHC DC response is 
similar to that of the OHC DC response recorded intracellularly 
from, or just outside of, OHCs in that it is first detected when 
the OHC AC response component begins to saturate. This oc- 
curs when the tone levels exceed 70 dB SPL, and this level is 
reduced for frequencies approaching the CF. At the CF, the level 
at which the IHC DC responses can be detected is the same as 
that of the OHC AC response (see Fig. 6, 18 kHz) and the IHC 
DC response/level function has a slope of about 0.3 over a 30- 
40 dB range from about 20 dB SPL. Over this range of levels 
at CF, the phase of the OHC AC response is level independent, 
but above about 60 dB SPL, the phase begins to lead and reaches 
a maximum phase lead of about +90” at 75 dB SPL. This is 
when the OHC AC response component saturates. The IHC DC 
response begins to saturate at about 60 dB SPL, which is when 
the phase of the OHC AC response begins to lead. At frequencies 
above the CF, the IHC DC response increases with frequency 
until frequencies are reached when the IHC DC response is no 
longer detected within the range of stimulus levels employed. 
Similar results to those described in Figure 6 were obtained by 
comparing extracellular recordings from OHCs with intracel- 
lular recordings from adjacent IHCs. The experimental sequence 
consisted of first making extracellular recordings from an OHC 
followed by intracellular recordings from an IHC with no ap- 
parent loss of sensitivity in the cochlear audiogram between 
recording locations. A comparison between the magnitude and 
phase of AC responses recorded from an OHC and the ampli- 
tude of DC responses recorded from a nearby IHC as functions 
of level are shown in Figure 7 for frequencies at 13 kHz, 18 kHz 
(CF), and 24 kHz. The results shown in Figure 7 are remarkably 
similar to those shown in Figure 6 for the extracellular record- 
ings. The principal difference is that the initial slopes of the DC 
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functions for the 12 kHz and 18 kHz DC/level functions are 
close to 2 rather than 1 or less as in the extracellular recordings. 

IHC DC and OHC AC isoresponse tuning curves 

Almost identical isoresponse tuning curves were derived from 
AC responses recorded both intra- and extracellularly from the 
same OHC (Fig. 8). The AC recordings were compensated for 
the time constants of the recording system, and for AC tuning 
curves derived from intracellularly recorded responses, the hair 
cell membrane time constant was also taken into consideration. 
The latter responses were estimated from the rise time of the 
membrane potential to 0.1-0.4 nA current steps (see Cody and 
Russell, 1987). Isoresponse tuning curves based on IHC DC 
responses recorded extracellularly (Fig. 9A) and intracellularly 
(Fig. 9B) were compared with tuning curves based on extracel- 
lularly recorded AC responses from adjacent OHCs. The com- 
parisons were based on intracellularly and extracellularly re- 
corded voltage responses from IHCs and OHCs in the same 
preparation and without measurable changes in cochlear sen- 
sitivity between recordings. The parameters of the OHC AC 
and IHC DC tuning curves obtained in this series of experi- 
ments, including those shown in Figures 8 and 9, are given in 
Table 1. The IHC and OHC tuning curves differ most noticeably 
in that the low-frequency shoulder of the OHC AC tuning curves 
are up to 25 dB (mean, 14 dB) more sensitive than those for 
the IHC DC tuning curves and secondary peaks appear on the 
HF slopes of the OHC AC tuning curves (see arrows in Fig. 
9A, B). 

Discussion 
Phase and magnitude of OHC and IHC AC receptor 
potentials as indicators of electromechanical feedback 
If the OHCs operate in a true electromotor feedback loop, then 
they will contribute to their own responses and hence to the 
mechanical responses of the cochlear partition. The net me- 
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Figure 8. Isoresponse AC tuning curves measured intracellularly and 
extracellularly from the same OHC. The isoresponse thresholds were 
0.1 mV extracellular and 1 mV intracellular when the AC magnitude 
had been corrected for the recording system and OHC membrane time 
constants (3.5 kHz, 1.2 kHz, respectively). OHC resting membrane 
potential, -70 mV. Threshold loss on exposing the basilar membrane 
was less than 5 dB SPL. 

saturate at 20-40 dB SPL above the level at which OHC AC 
responses can first be detected (see Figs. 6, 7). 

In contrast, at the CF and in sensitive (Figs. 5-7), but not 
insensitive, preparations (Fig. 5D), OHC AC responses begin 
to phase lead at levels above about 60 dB SPL and asymptote 
at about 90”. The appearance of the phase lead is associated 
with a reduction in the slope of the IHC DC/level function. It 
is suggested that for LLs and moderate levels, the phase of OHC 
feedback changes from being - 180” out of phase with basilar 
membrane displacement (i.e., negative feedback) for frequencies 
away from the CF to being -270” out of phase with basilar 
membrane displacement (in phase with basilar membrane ve- 
locity; positive feedback) at the CF. Thus, the OHCs provide 
amplification of basilar membrane motion at the CF, which 
diminishes when the OHC transducer begins to saturate. It is 
proposed that the feedback is responsible for the enhanced sen- 
sitivity of IHC and OHC response/level functions at the CF for 
LLs and moderate tone levels. With increasing tone levels the 
OHC transducer begins to saturate, the 90” phase lag becomes 
eroded and the slopes of the level functions become reduced as 
the motion of the basilar membrane becomes increasingly dom- 
inated by the passive elements of the cochlear partition. The 
observations presented in this article accord with a model of 
frequency tuning in which OHCs contribute negative feedback 
that reverses through a frequency-dependent phase delay to pos- 
itive feedback at the CF (Mountain et al., 1983). That is, elec- 
tromotor feedback from the OHCs opposes basilar membrane 
displacement at frequencies away from the CF, but augments 
basilar membrane velocity at the CF. 

At frequencies just above CF, at about one-half an octave 
below CF and between one-third and one-half an octave above 
CF, the HL OHC AC response is up to 180” out of phase with 
the LL response and the phase transitions are associated with 
magnitude minima or “notches” in the fundamental AC re- 
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sponse/level functions (see Figs. 2, 4, 6, 7). It is suggested that 
these 180” phase jumps are not related to the feedback process 
associated with frequency tuning because they survive desen- 
sitization and loss of frequency tuning in the cochlea (see Fig. 
5D). These observations are in accordance with the results of 
similar measurements made on the gerbil cochlea by Zwislocki 
(1988, 1990). Phase jumps and “notches” have been observed 
in the fundamental magnitude functions of IHCs but not OHCs 
in the apical turns of the guinea pig cochlea (Dallos and Chea- 
tham, 1989), and magnitude minima and phase jumps have 
been observed in basilar membrane mechanics (Patuzzi et al., 
1984). The 1 SO” phase jumps may indicate that the direction of 
basilar membrane displacement associated with OHC excitation 
has become reversed. OHCs are excited by displacement of the 
stereocilia bundle toward the tallest row (Russell et al., 1986b), 
and according to a recent mechanical model of the cochlear 
partition (Zwislocki, 1986), this can be achieved by displace- 
ments of the basilar membrane toward either the Scala vestibuli 
or the Scala tympani, depending on the relationship between the 
rotational stiffness of the stereocilia bundle and the radial stiff- 
ness of the tectorial membrane. A change in the relationship 
between the rotational stiffness of OHC stereociliar bundles and 

Figure 9. Isoresponse tuning curves 
measure extracelIuIarly for OHCs and 
extracellularly (A) and intracellularly (B) 
for IHCs. A and B are from different 
preparations. The isoresponse thresh- 
olds of the extracellular OHC AC tun- 
ing curves and the extracellular IHC DC 
tuning curves were 0.1 mV. The iso- 
response threshold for the intracellular 
IHC DC tuning curve was 1 mV, and 
the IHC resting potential was -45 mV. 
Threshold loss following exposure of the 
basilar membrane was less than 5 dB 
SPL. The AC responses were compen- 
sated for the recording system time con- 
stant (3 kHz). 

the radial stiffness of the tectorial membrane, possibly as a con- 
sequence of a level-dependent change in the mechanical im- 
pedance of elements within the cochlear partition, could reverse 
the direction ofexcitation as proposed by Zwislocki (1986,1988) 
and Mountain and Cody (1989). For example, the radial stiffness 
of OHC stereocilia bundles is reduced following intense me- 
chanical stimulation (Saunders and Flock, 1986). 

Frequency and level dependence of the OHC AC response: 
comparison with mechanical and neural responses of the 
cochlea 
The frequency and level dependence of the phase relationships 
of the OHC AC response is similar to those of the response 
phases measured from other sensory and mechanical compo- 
nents of the cochlea. On the basis of phase locking of low- 
frequency spike discharges in the auditory nerve, Anderson et 
al. (197 1) were the first to observe that the response phase of 
the auditory periphery was dependent on level. They found that 
for frequencies below the CF of the fiber, the response phase 
increasingly lagged with increasing level and that above the CF, 
the phase of the response increasingly led with increasing level. 
Similar, systematic changes in phase with level and frequency 

Table 1. Filter characteristics of IHCs and OHCs in the basal coil of the cochlea 

IHC OHC 

Number of cells 4 4 
Range of best frequencies (kHz) 15-19 15-19 
Qlods (center frequency/bandwidth 10 dB above tip) (mean & SD) 7.5 + 1.3 7.9 AZ 1.0 
HF slope (dB/octave) (mean & SD) 544 +- 141 558 + 166 
Low-frequency slope (dB/octave) (mean + SD) 170 f  100 211 + 42 
Tip to shoulder (dB) (mean f  SD) 54 f  8 40 k I 

The OHC parameters are based on tuning curves for the AC component, corrected for the attenuation produced by the 
membrane time constant and recording system, whereas the IHC parameters are derived from tuning curves of the DC 
component. 
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around the CF have been observed for intracellularly recorded 
receptor potentials in hair cells in the apical turn of the guinea 
pig by Dallas (1986) and in the mechanical responses of the 
basilar membrane (Rhode, 197 1; Rhode and Robles, 1974; 
Geisler and Rhode, 1982; Sellick et al., 1982; Patuzzi et al., 
1984; Ruggero et al., 1992) observed that progressive phase 
leads with increasing level at the CF were not present in the 
basilar membrane mechanics for frequencies that produce linear 
input/output functions in the tail or for frequencies in the tip 
of the tuning curve in preparations that suffered severe losses 
in sensitivity during experimentation. Ruggero and Rich (199 1 a) 
observed that the reversible loss of tuning and sensitivity of the 
chinchilla basilar membrane motion following intravenous ad- 
ministration of furosimide was associated with a phase lag in 
basilar membrane responses measured at the CF. Thus, obser- 
vations on the frequency and level dependency of OHC AC 
responses presented in this article are similar in many respects 
to measurements of basilar membrane motion and support the 
widely held notion that responses of OHCs largely determine 
those of the basilar membrane. 

Hair cell isoresponse tuning curves: comparison with 
mechanical and neural tuning curves 
It was suggested above that, at low sound levels, the AC response 
of the OHC receptor potential provides a measure of the me- 
chanical feedback to the cochlear partition and the DC response 
of the IHC receptor potential is an indicator of the net effect of 
this feedback on the mechanics of the cochlear partition. On 
the basis of this, it might be expected that the isoresponse fre- 
quency tuning curves of IHCs and OHC may differ from each 
other and from isoresponse tuning curves of the basilar mem- 
brane mechanics. In these experiments, it was possible to obtain 
a total of four sets of isoresponse tuning curves from adjacent 
IHCs and OHCs without a measurable change in cochlear sen- 
sitivity between and following the recordings. The character- 
istics of isoresponse tuning curves based on these recordings 
were very similar in the tip region. The Qlods and HF and low- 
frequency slopes were similar to those measured for hair cells, 
primary afferent fibers, and the basilar membrane in the basal 
turn of the guinea pig cochlea (Russell and Sellick, 1978; Sellick 
et al., 1982, 1983; Brown et al., 1983; Cody and Russell, 1987; 
Nuttall et al., 1991). In all respects, the tuning curves of IHCs 
and nerve fibers are almost identical, which may indicate that 
synaptic transmission across the IHC afferent synapse is fre- 
quency independent, at least for frequencies above a few kilo- 
hertz. However, IHC and OHC tuning curves are dissimilar in 
that the difference between the tip and the low-frequency “tail” 
of OHC tuning curves is about 15 dB less than that of IHC and 
neural tuning curves (Cody and Russell, 1987; see Fig. 7, Table 
1). In this respect, OHC tuning curves resemble isodisplacement 
tuning curves of the basilar membrane, where it has been ob- 
served that the sharp transition between the tip and the low- 
frequency tail, which characterizes IHC and neural tuning curves, 
is absent (Sellick et al., 1983). It remains to be seen if the in- 
troduction of more sensitive laser Doppler velocimetry and op- 
tical techniques will result in basilar membrane isoamplitude 
tuning curves that more closely resemble neural tuning curves. 
The limited data currently available do not resolve this issue 
(Nuttall et al., 199 1). On the basis of the available evidence to 
date, it is suggested that the OHC tuning curves closely reflect 
isodisplacement tuning curves of the basilar membrane and that 
IHC and neural tuning curves reflect the net radial shear dis- 

placement between the basilar membrane and tectorial mem- 
brane. It should be pointed out that differences exist between 
laboratories and species in the measurement of basilar mem- 
brane mechanics, which have been discussed elsewhere (Robles 
et al., 1986; Ruggero et al., 1986; Ruggero and Rich, 1991b). 
For example, there is good agreement between isodisplacement 
basilar membrane tuning curves and neural tuning curves in the 
7-10 kHz region of the chinchilla cochlea (Robles et al., 1986). 
Small secondary peaks are found on the HF slopes of OHC 
tuning curves (Fig. 9) but not on the HF slopes of IHC tuning 
curves (see Fig. 9). Similar HF peaks and associated phase jumps 
have been described for basilar membrane isoresponse tuning 
curves (Rhode, 197 1; Wilson and Johnstone, 1975; Wilson and 
Evans, 1983; Robles et al., 1986; Ruggero et al., 199 1). HF 
shoulders and plateaus have been observed in basilar membrane 
isoresponse curves but only at levels that cause irreversible dam- 
age to the tuning curve (see Gummer and Johnstone, 1984). HF 
shoulder and phase plateaus have been inferred by Greenwood 
(1977; D. D. Greenwood, unpublished observations) from coch- 
lear microphonic (CM) data obtained in the guinea pig by Dallos 
and Cheatham (197 1) and in the gerbil by Schmeidt and Zwis- 
locki (1977) and from neural recordings by Pfeiffer and Kim 
(1975) Kim et al. (1980), and Gummer and Johnstone (1984). 
Although there is some controversy over the demonstration of 
HF phase plateaus and tips on the basis of CM data (see Dallos 
and Cheatham, 197 l), their presence in the mechanical tuning 
properties of the basilar membrane and in frequency tuning 
curves of auditory nerve fibers and OHCs is clear evidence that 
they are normal rather than pathological phenomena. In fact, 
their existence is predicted by models in which the phase and 
magnitude of the mechanical feedback from the OHCs are de- 
termined not only by the passive mechanics of the basilar mem- 
brane but by additional resonances provided by the mechanical 
properties of the tectorial membrane and the way it is coupled 
to the OHCs (Zwislocki, 1986; Allen, 1988). 

IHC and OHC transfer functions 
The findings reported here that OHCs in the basal turn of the 
guinea pig cochlea do not generate appreciable DC receptor 
potentials in response to HF tones until the AC level function 
saturates confirm earlier reports (Russell et al., 1986a; Cody and 
Russell, 1987) and lead to the suggestion that there are two 
electromechanical processes at work (Russell and Kossl, 199 1). 
One of these processes is the potentially very rapid feedback of 
mechanical energy, which is an essential element in the fre- 
quency-selective process and is concerned with overcoming vis- 
cous forces at the CF (e.g., see Davis, 1983; Mountain et al., 
1983; Neely and Kim, 1983). The other is a more vulnerable 
mechanism associated with minimizing the DC response of the 
OHC receptor potential and with optimizing the rapid feedback 
of mechanical activity to the cochlear partition. This latter com- 
ponent may correspond to the mechanical DC component that 
has been measured in isolated OHCs in response to transcellular 
current fields (Evans et al., 1988, 1991). According to current 
hypotheses (e.g., Patuzzi et al., 1989) the rapid (AC) feedback 
of mechanical energy from the OHCs is proportional to the 
magnitude of the OHC receptor potential and is very sensitive 
to the gain of the transduction process (which is directly related 
to the slope of the transducer function). For IHCs and OHCs 
in culture, the maximum gain does not occur at the zero op- 
erating point but on the depolarizing slope of the transducer 
function (Russell et al., 1986a,b). In OHCs in the intact organ 
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ofcorti, the transducer conductance is biased so that the transfer 
functions are more symmetrical and a large proportion of the 
transducer conductance will be open at rest. Therefore, the op- 
erating point is now shifted toward the region of maximum slope 
of the transfer function and the gain of transduction, and hence 
the feedback is maximized. It seems that the different locations 
of the operating points of the transfer functions of IHCs and 
OHCs- reflect their different tasks. For maximum DC response 
and hence maximum transmitter release in response to HF tones, 
the IHC operating point is set to the point of maximum inflec- 
tion on the transfer function, which corresponds to a resting 
transducer conductance of about 10% of the total (Russell and 
KBssl, 199 1). For maximum transducer gain and feedback at 
low stimulus levels, the operating point is set at the point of 
maximum gain on the OHC transducer function, corresponding 
to a resting transducer conductance of about 50% of the total. 
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