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Hig h-Frequency Motility of Outer Hair Cells 
and the Cochlear Amplifier 

Peter Dallos* and Burt N. Evans 

Outer hair cells undergo somatic elongation-contraction cycles in vitro when electrically 
stimulated. This "electromotile" response is assumed to underlie the high sensitivity and 
frequency selectivity of amplification in the mammalian cochlea. This process, presum- 
ably operating on a cycle-by-cycle basis at the frequency of the stimulus, is believed to 
provide mechanical feedback in vivo. However, if driven by the receptor potential of the 
cell, the mechanical feedback is expected to be severely attenuated at high frequencies 
because of electrical low-.pass filtering by the outer hair cell basolateral membrane. It is 
proposed that electromotility at high frequencies is driven instead by extracellular po- 
tential gradients across the hair cell, and it is shown that this driving voltage is not subject 
to low-pass filtering and is sufficiently large. It is further shown that if the filtering properties 
of the cell membrane are canceled, taking advantage of the electrical characteristics of 
isolated outer hair cells in a partitioning glass microchamber, then the lower bound of the 
motor's bandwidth is approximately 22 kilohertz, a number determined only by the 
limitations of our instrumentation. 

I t  is a common assum~tion that mammali- 
an hearing owes its remarkable sensitivity 
and frequency-resolving capabilities to a lo- 
cal mechanical feedback process within the 
cochlea [for review, see (I)] .  This process 
has been termed the "cochlear amplifier" 
(2)  and it is assumed that its motor arm is a 
somatic shape change of outer hair cells 
(OHCs) (3). Such shape changes can be 
elicited bv ,a natural stimulus to the cell 
[that is, itereociliary deflection ( 4 ) ]  and 
therefore can be driven in vivo. In order to 
be an effective form of mechanical feed- 
back, somatic length changes are thought to 
occur on a cycle-by-cycle basis, counteract- 
ing the mechanical damping of the cochlear 
partition. Inasmuch as the high-frequency 
boundarv of mammalian hearing exceeds 20 
kHz in hos t  species and 100 k ~ z  in some, 
somatic length changes need to be made at 
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remarkable speeds. It is known that distor- 
tion product otoacoustic emissions, assumed 
to be related to O H C  motility in mammals, 
occur up to at least 100 kHz (5). 

Because the receptor potential is severe- 
ly attenuated at high frequencies due to the 
resistance-capacitance (RC) filtering of the 
cell membrane ( 6 ) ,  it is difficult to under- 
stand. how it may drive the cell's own mo- 
tility except at relatively low frequencies in 
the apex of the cochlea, where O H C  recep- 
tor potentials are sufficient to produce large 
electromotile responses. It is estimated that 
O H C  motility in the 16- to 18-kHz range, 
where measurements are available, is about 
20% of basilar membrane motion (7). It 
thus appears that the generally accepted 
model of cochlear amplification becomes 
questionable as the intracellular response 
becomes too small to drive motility at high 
frequencies where O H C  motility presum- 
ably occurs in many small mammals. We  
propose that the effective electrical stimu- 
lus that powers the OHC motile response at 
high frequencies is not the cell's own recep- 
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tor ~o ten t ia l .  but an extracellular voltage 
graiient, established across the hair ceil, 
between the scala media and intra-organ of 
Corti fluid spaces. These gross potentials 
reflect voltage drops on the bulk impedance 
of the organ of Corti that are due to the 
weighted vector sum of receptor currents 
produced by all sound-stimulated OHCs. 

For consideration of such a proposition, 
three auestions need to be examined. 
First, why would not  these extracellular 
voltages be subject to  filtering limitations 
similar to  those on  the intracellular recep- 
tor  ~ o t e n t i a l ?  Second, is the extracellular 
potdntial larger than ;he intracellular one 
at high freauencies? Third, are the O H C  - 
motors intrinsically capable of responding 
in the high kilohertz range? The  last issue 

u - 
has its own biological significance, be- 
cause in order to understand the nature of 
the aggregate of molecular motors (3 ,  8) 
that powers motility, it is of interest to  
determine its inherent speed. A t  this time, 
due to experimental limitations, quantita- 
tive data on  the speed of motility have 
been reported only up to approximately 1 
kHz 16). ~, 

Outer hair cells are partitioned in vivo 
between two fluid compartments: en- 
dolymph of the scala media and peri l~mph 
within the organ of Corti (Fig. 1A). OHCs 
dominate the production of extracellular 
stimulus-related potentials, which are volt- 
age drops due to the receptor current on the 
various bulk impedances of cochlear tissues. 
Although the electrical circuit of the co- 
chlea is complex, one can estimate (9) that, 
owing to the small shunt resistance, the 
total impedance between scala media and 
organ of Corti fluid space has a flat magni- 
tude between -6 and -300 kHz. It is also 
known that extracellular ac electrical re- 
sponses can be measured up to at least 100 
kHz (1 0). Thus, extracellular voltage gradi- 
ents are not significantly filtered. 

The microchamber technique ( I 1 ) sim- 
ulates the electrical partitioning that exists 
in epithelia, such as the organ of Corti (Fig. 
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IB),  and makes it possible to measure the 
dynamic properties of the putative motors 
themselves. W e  show that such partitioning 
of the O H C ,  whether in  vivo (Fig. 1A) or 
in vitro in the microchamber (Fig. lB) ,  
uroduces electrical conditions with extrin- 
sic electrical stimuli that result in  motile 
behavior as if the electrical filter ~ r o ~ e r t i e s  . . 
of the cell membrane were canceled. When  
the cell is so partitioned, it is possible t o  
drive OHC motility either by imposing 
voltage gradients across the cochlear parti- 
tion in an experimental situation (12) or, as 
proposed here, by the extracellular receptor 
~ o t e n t i a l  in vivo. 

T o  derive the frequency response behav- 
ior of a partitioned OHC,  either in situ or 
when inserted into the microchamber, the 
electrical impedances of the two cell mem- 
brane segments facing endolymph (apical) 
and perilymph (basolateral), respectively 
(or those outside and inside the micro- 
chamber), are represented as Z, and Zb. 
These impedances are derived from the par- 
allel resistance (R) and capacitance ( C )  of 
the membrane, with T = RC and o = Z.rrJ, 
where f is the frequency and J = m: 

The  voltage drop (SV) on  the motor-bear- 
ing basolateral membrane segment (includ- 
ed in the microchamber) due to a command 
voltage, V,, across the cochlear partition 
(microchamber) is (Fig. 1 ): 

" 

Electromotility is driven by the voltage 
drop, SV, across the motors in  the basolat- 
era1 membrane. This SV is obtained by sub- 
stitution of Eq. 1 into Eq. 2: 

The  magnitude of this voltage changes from 
V,RJ(R, + Rb) = Vca/(l + a ) ,  determined 
by a resistive voltage divider, at low fre- 
quencies ( o  -+ O), to V,R,,T,/(R,T, + R,7,) 
= V,C,/(C, + C,) = V, S/(l + 0 ,  deter- 
mined by a capacitive voltage divider, at 
very high frequencies ( o  + co). The  R,/R, 

Fig. 1. (A) Schematic illustration of OHCs in the A 
epithelium of the organ of Colti. The cells are sealed Scala media (endolymph) 
into the roof of the organ of Colti, the reticular 
lamina, by tight junctions. The endolymph-faclng 
cellular apex has an electrical impedance of Z,, 
whereas the perllymph-facing basolateral mem- 
brane impedance is Z,. The motility motor is sym- jUnC 

bolized by M ,  with arrows indicating principal dis- 
placement direction. One cell is arbitrarily shown as 
a current source ( i ) ,  the other as a feedback motor 
element. All cells within the acoustically excited 
segment of the organ of Corti are assumed to be 
both current sources and motor elements. Shunt 
impedance between scala media and organ of 
Corti fluid is denoted by Z,,. The OHC transducer B 
current is produced in vivo by the modulation of Z, 
by means of mechanically activated transducer 
conductance (23). This modifies a standing current 
maintained by the biological batteries embodied in 
the positive polarization of the endolymph and in Microchambc 
the hair cell's negative resting potential. For sim- 
plicity, we show only a current source. (B) Sche- 
matic illustration of an OHC fully inserted into the 
microchamber. A simplified circuit is superimposed 
to show current path due to external command 
voltage, Vc. Membrane impedances of excluded 
and included segments are Z, and Z,. Displace- 
ment of the included pole is measured; it is driven by the aggregate of motors, symbolized by M .  The 
microchamber itself may be modeled as a series resistance (R,) and a shunt impedance (Z,,,), which is in 
parallel with the hair cell's total series impedance (Z,, = Z, + Z,). The cell in the microchamber is in the 
same electrical configuration as in situ (Fig. 1 A). At any frequency, the hair cell presents an RC load to the 
microchamber. The values of R,,, and T,, may be estimated from electrical measurements of the 
microchamber; R,, ranges between 5 and 20 megohm, whereas T,, is between 0.01 and 0.03 ms. The 
measurement of R, from the resistance of the microchamber without the cell (-0.5 megohm) provides an 
overestimate, inasmuch as the access resistance to the cell is less than the (measured) resistance of the 
chamber's orifice, because of the different surface areas. Using the values of R, = 0.5 megohm, T,,, = 

0.02 ms and R,, = 5 megohm and the hair cell parameters R,, and T,,, estimated from Housley and 
Ashmore (13) for apical (long) cells used by us, we estimated the corner frequency of voltage drop across 
the hair cell to be above 30 kHz. In consequence, the effect of the microchamber on the voltage delivered 
to the hair cell is very small in the frequency range used in our experiments (<23 kHz) and may be 
disregarded. 

= a and CJC, = 5 substitutions are used. 
T h e  key conclusion is that even at high 
frequencies, the voltage drop on  the cell's 
basolateral membrane is finite; it is simply 
changed from its low-frequency value by 
the factor: 

Phase shift, determined from Eq. 3, is zero at  
both o -+ 0 and w + and is less than 
*.rr/2 in  the midfrequency transition re- 
gion. In other words, for voltages impressed 
across the cell, either by the extracellular 
receptor potential gradient in  vivo or the 
command voltage in the microchamber, the 
voltage drop on  the basolateral membrane 
has finite magnitude and zero phase shift a t  
both low and high frequencies, with a tran- 
sition region at some middle frequency. De- 
pending o n  the relative magnitudes of a 
and 5, the high-frequency asymptote may be 
smaller or larger than the low-frequency 
one, and the mid-frequency phase may be 
lag or lead. Thus, the electrical configura- 
tion represents a quasi-all-pass system. This 
answers the first question posed above. All- 
pass filtering is understood when one con- 
siders that the voltage applied to the motors 
in  the basolateral membrane develops 
across the RC filter of that membrane. A t  
the same time, the RC filter of the apical 
cell membrane is electricallv in series with 
that of the basolateral cell mkmbrane. If the 
time constants of the two filters are the 
same, then their filtering effects cancel and 
a flat all-pass filter is obtained. If T, # T~ 

and if voltage-dependent conductances and 
ca~acitances (13-15) alter the time con- 
stants and influence the frequency re- 
sponse, it can still be described as quasi-all- 
pass, in that aside from mid-frequency gain 
and phase changes, all frequencies produce 
responses. Both the zero- and infinite-fre- 
quency asymptotes of the frequency re- 
sponse functions have zero slopes (Fig. 2, 
smooth line). The  description applies to 
hair cells in vivo or in the microchamber 
for constant voltage command. The  conse- 
quences are that, first, extracellular receptor 
potentials could theoretically drive O H C  
motility even at  very high frequencies; and 
second, the microchamber configuration 
provides a suitable electrical circuit in 
which the speed of the motors themselves 
can be measured (see below). 

T h e  experimentally obtained pattern 
changes from a low-frequency asymptote 
below 200 Hz to a high-frequency asymp-. 
tote above 2 kHz. It  is seen that the 
high-frequency asymptote of the magni- 
tude pattern has zero slope. This means 
that beyond the midfrequency decline, up 
to the limit of measurement, 22.5 kHz, the 
magnitude resDonse of the motors is undi- " 

minished. T h e  separation between low- 
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and highifrequency asymptotes varies with 
cell length, extrusion from the micro- 
chamber, and the condition of the cells. 
All cells, however, conform to the general 
pattern of having either flat or minimally 
sloping high-frequency asymptotes. 

The present technique of measuring the 
speed of motility permits an approximately 
20-fold improvement in bandwidth beyond 
that possible by other means (6). We note 
that, when the electrical effects of the cell 
membrane are canceled, the wide band- 
width of the remaining dynamic ele- 
ments-the putative motors themselves-is 
revealed. It thus seems reasonable to con- 
clude from our experiments that the aggre- 
gate of lnolecular motors possesses a time 
constant less than -44 ps. In answer to our 
third question, the molecular motors them- 
selves are apparently capable of responding 
with remarkable speed, orders of magnitude 
faster than any biological motor studied to 
date. The putative motor proteins may be 
unique to cochlear OHCs, where they are 
likely to be manifested as large particles that 
cover -70% of the cell's surface (16). Nei- 
ther cochlear inner hair cells, nor cochlear 
supporting cells, nor any other known cell 
type sustains the fast voltage-driven somatic 
displacements discussed here. 

The postulated driving voltage at high 
frequencies for O H C  motility in vivo is the 
gradient of the extracellular receptor poten- 
tials measured between the scala lnedia and 
in the organ of Corti. Toward higher fre- 
quencies, the scala lnedia potential becomes 
less important because of the high shunt 
capacitance of the scala media space. A t  the 
behavioral threshold and at the best frequen- 
cies of 16 to 18 kHz, the median response for 
the three best available recordings from the 
organ of Corti is -1 10 pV (1 7). This entire 
voltage gradient, however, cannot be used to 
drive motility. The fraction of this driving 
voltage that appears across the OHC's baso- 
lateral membrane (across the motors) is ob- 
tained at high frequencies from the reactive 
voltage divider as indicated by Eq. 3. Inas- 
much as the voltage divider ratio at high 
frequencies ,is determined by the capacitanc- 

es of the cell membrane segments [Ca/(Ca + 
Cb]j which in turn are determined by surface 
areas, one can compute the ratio from cell 
geometry. A n  updated value from (18) for a 
20-pm (basal) cell is 0.2, yielding an esti- 
mated basolateral membrane voltaee of -22 - 
pV, producing an electrolnotile displace- 
ment of -0.1 1 nm at the behavioral thresh- 
old. A t  this same level, basilar membrane 
displacement is approximately 0.16 nm (1 9). 
Considering the uncertainties in determin- 
ing extracellular voltages and of extrapolat- 
ing the gain of electroln~ti l i t~ from in vitro 
measurements to in vivo values, one may 
conclude that, in answer to our second ques- 
tion, O H C  displacements caused by extra- 
cellular receptor potentials are probably 
commensurate with basilar membrane dis- 
placement, making the proposed mechanism 
a reasonable candidate for the cochlear am- 
wlifier 120). Whether the numbers are accu- ~, 

rate is secondary to the principle: Although 
the intracellular receotor ~oten t ia l  must de- . A 

crease with frequency due to filtering, the 
extracellular response remains approximate- 
ly constant. Thus there is a location in the 
cochlea where, at the best frequency, the 
extracellular response becomes dominant. 
Extrapolation predicts the crossover to occur 
in the guinea pig at -6 kHz, corresponding 
to the midpoint along the cochlea. 

Passively conducted voltages, attenuated 
by the core conductor properties of the 
cochlear fluid soaces. could oroduce elec- 

L ,  

tromotile responses away from the region of 
maximal traveling wave amplitude. Such 
responses, however, would not couple to 
the,basilar membrane on the apical side of 
the best frequency, because the O H C  mo- 
tile frequency is above the basilar mem- 
brane's mechanical cutoff frequency. Basal- 
ly conducted voltages could produce a lim- 
ited extension of the feedback region. Al- 
though electrical signals spread over 
considerable distances in the outer scalae of 
the cochlea, the space constant of the organ 
of Corti fluid compartment is estimated to 
be less than 0.3 mm (21). Consequently, 
the putative control signal is well localized. 

There is no  priori reason why the above 

Fig. 2. Representative example of experi- 
mentally obta~ned (24) and model frequency 
response functions of OHCs fully inserted in lo 

the microchamber. The smooth line repre- 
sents model calculation from Eq. 3 with the - 
use of the following parameters: a = RdR, : 

4- 

= 0.15, t: = Ca/Cb = 0.06, T, = 0.23 ms, 7, g 
= 0.58 ms. These are obtained by first es- 
timating 5 from the ratio of apical and baso- 2 
lateral surface areas of the cell. Then a is 2 
computed from Eq. 4, and the time con- 5 
stants are determined by curve fitting. 1 

I I I , , , , , , I I 8 , I / , , , ,  I I 3 
Frequency (kHz) 

scheme could not be operational even at 
ultrasonic frequencies or be used by other 
systems. Tuberous electroreceptors in some 
morlnyrid fish respond to ac electric fields 
having frequencies above 10 kHz. Knollen- 
organs in Pollirnyrus isidori, for example, can 
be tuned to frequencies as high as 18 kHz 
(22). These electroreceptors are incorporat- 
ed in tight epithelia, not unlike hair cells, 
and they too should respond to extrinsic 
fields in a similar quasi-all-pass manner. 
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colagenase (0 5 mglml; Sigma) to the experimental 
bath containing either Leibovitz's L-15 medium 
(Gibco) or Medium 199 (Gibco), supplemented with 
15 mM Hepes and 5 mM bovine serum albumin (Sig- 
ma) and adjusted to 300 mosM (pH 7.35). Micro- 
chambers that held the cells were fabricated from 
borosilicate glass and had aperture diameters similar 
to those of OHCs. Cells were drawn into siliconized 
microchambers by gentle suction. Inserted cells were 
inspected at high magnification and discarded if there 
was any sign of induced trauma. All experiments were 
conducted at room temperature. Electrical command 
signals were generated from the low-impedance out- 
put of a waveform generator board in an E M  486 
clone and were delivered between the electrolytes 
surrounding and filling the microchamber. Making the 
fluid within the microchamber positive hyperpolarzed 
the included membrane segment and depolarized the 
excluded membrane (1 7). Although the microcham- 
ber method did not permit us to measure it directly, 
the asymmetry of the eectromotile response is n d c -  
ative of the cell's resting potential. Cells that are likely 
to have relatively high resting potentials produce arg- 
er shortening than extension-directed responses. 
Conversely, depolarized cells generate ether a sym- 
metrical eectromotile response or one wlth extension 
dominance (7 1) [J. Santos-Sacchi, J. Neurosci. 9, 
2954 (1989)]. All cells in this study had pronounced 
contraction-directed response asymmetry and, by n -  
ference, high membrane potential. Pseudorandom 
noise is often used to identity the linear filter portion of 
a nonlinear physiological system [A. R M~ller. Scand. 
J. Rehab. Med. Suppl. 3, 37 (1 974); P. A. Marmarelis 
and V Z Marmarelis, Analysis of Physiological Sys- 
tems (Plenum, New York, 1978)l. We used this 
signal in order to reduce data collection time. For 
our parameters, the 3-dB down point of the input 
was at 19,924 Hz. There are 161 spectral compo- 

nents within this bandwidth, and the voltage ap- 
plied across the entire cell per spectral line was 
approximately ~ 0 . 6  mV The extensive data ob- 
tained with ternary noise was confirmed in several 
cells by use of snusoda stimuli. The nose floor for 
the measurement shown in Fig. 2 was between 0.1 
and 0.2 nm, thus, noise was clearly not a determ- 
nant of the high-frequency asymptote. The cell was 
imaged through a slit on a photodiode. Cell con- 
traction and expansion modulated the light flux and 
the photocurrent. The entire stimulus-delivery and 
measuring apparatus was calibrated by use of the 
ternary signal input to illuminate the photodiode 
with a wide-band light-emitting diode and by mea- 

surement of its output. The resulting frequency re- 
sponse (corner frequency 18 kHz) of the entire sys- 
tem was used to correct all experimental data. Sys- 
tem gain was calibrated for each experimental run 
by controlled displacement of the image of the cell 
in the slit. 
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mTECHN%CAL COMMENTS 

Models of Ca2+ Release Channel Adaptation 

Channel adaptation (1) involves complex 
behavior of the sarcoplasmic reticulum 
(SR) Ca2+ release channel (ryanodine re- 
ceptor, RyR). The adaptive behavior is dif- 
ferent from conventional ion channel be- 
havior in that adapting channels transiently 
activate (open) in response to repeated in- 
crements of agonist (Ca2+).  No published 
kinetic model known to us could adeauatelv 
account for this adaptation. We propose a 
model that readilv accounts for the com- 
plexities associated with adaptation. 

The model is based on the established 
tetrameric RyR channel structure. Biochem- 
ical studies indicate that at least three high 
affinity Ca2+-binding sites exist per mono- 
mer (2).  We postulate that one kind of 
binding site (the 0-domain) tends to open 
the channel when activated by Ca2+ and 
another (the A-domain) tends to close 
(adapt) it. Thus, the tetramer would then 
have four 0-domains and four A-domains. 
The model uses the followine rules to de- 
scribe the behavior of the ihannel. The 
channel opens when the number of occupied 
0-domains (0) on the tetramer exceeds or 
equals the number of active A-domains (A),  
that is, 0 2 A. However when A > 0, or 0 
= zero, the channel remains closed. In order 
for the model to fit the nublished exnerimen- 
tal data, each 0-domain must be cooperative 
( n  = 2)  and have lower affinitv and faster 
ca2+-binding kinetics than each A-domain 
(Fig. 1, methods). At high [Ca2+], when 
both 0- and A-domains are occupied, the 
data are best fit if the channel opens 75% of 
the time when 0 = A. 

This model predicts that the steady- 
state probability of a channel being open 
(P,,) varies as a monotonic increasing 
function of [Ca2+] (Fig. 1A) and that fast 
Ca2+ steps trigger transient bursts of chan- 
nel activity well above the steady-state 
level (Fig. 1, A and B). The predicted 
concentration- and time-dependent occu- 
pancy of 0 -  and A-domains on a tetramer 
during two step increases in [Ca2+] are 

shown (Fig. IC) .  Our model accurately 
accounts for the experimental data which 
defines RyR adaptation ( 1 ) .  Published 
models (3) cannot reproduce the observed 
second transient response of the "appar- 
ently inactivated" channel. This is ex- 
pected in light of theoretical thermody- 
namic analysis of RyR behavior, which 
indicates that one would need a large 
number of Ca2+-binding sites to explain 
adaptation (4) .  

Our adaptation model resolves appar- 
ently contradictory results and suggests fu- 
ture areas of experimentation. The model 
explains how elevated [Ca2+] can both 
apparently "inactivate" peak SR Ca2+ re- 
lease in situ and increases steady-state Po 
of individual RyR channels. It also enables 
the SR Ca2+ release channels to respond 
to d[Ca2+]/dt, a classical observation of 
Fabiato (3) in skinned muscle. Adaptation 
in vitro, however, appears too slow to 
regulate SR Ca2+ release in cells (1,  5).  
Thus, the model predicts that (as yet) 
unknown endogenous factors may acceler- 
ate the rate of adaptation (for example, 
modulate binding kinetics of A-domain) 
in cells. Finally, this model may apply to 
other intracellular Ca2+ release channels 
as it could also provide the basis for the 
incremental, or "quantal," Ca2+ release 
from inositol triphosphate (IF',)-sensitive 
Ca2+ stores (6).  [An IP, receptor channel 
tetramer with 0- and A-domains incre- 
mentally occupied by IP, may explain the 
quantal character of the 1P,-induced 
channel opening as well as the incremen- 
tal channel "inactivation" observed by 
Hajnoczky and Thomas (6)]. 

Thus, we propose that the complex 
adaptive channel behavior arises from the 
assembly of simple interactive monomers. 
Although each monomer by itself is not 
able to produce the complex behavior, the 
interplay among the monomers exponen- 
tially extends the functional flexibility of 
the assembled unit. 
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