
differences may be due to the following A Micromechanical Contribution to Cochlear Tuning and 
facts, which make a detailed comparison 
difficult. First, it is necessary to extrapo- 
late our observation to 1 A.U. Second, 
our results correspond to averages taken 
over the dimension of the radio source 
region. Third, our observations apply to 
regions which may have a considerable 
extent out of the ecliptic plane and for 
which the solar wind may be substantial- 
ly different. Fourth, we must assume 
that the conditions defining the storm 
region remain constant during 2 to 3 days 
when we measure the rate of the solar 
elongation of the radio sources. Such an 
assumption has already been verified 
during an earlier IP storm (9). 

This new technicwe, which enables us  
to track for the first time the solar wind 
expansion by use of the ISEE-3 radio 
observations of IP storms, works be- 
cause of the long duration of the IP  
storms (several days). By comparison 
with the earlier analysis of radio mea- 
surements from the IMP-6 (Interplane- 
tary Monitoring Platform) satellite (3), 
our technique requires few ad hoc as- 
sumvtions. We derive the movement of 
the solar wind plasma in the earth's 
direction without an assumption of an 
average interplanetary density model. 
Our first results show a slight accelera- 
tion from 50 to 150 Ro, consistent with 
the results predicted by theoretical mod- 
els of the solar wind. 
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Tonotopic Organization 

Abstract. The response properties of hair cells and nerve $ b u s  in the alligator 
lizard cochlea are frequency selective and tonotopically organized with longitudinal 
position in the organ. The lengths of the hair-cell hair bundles also v a q  monotonical- 
ly with longitudinal position. In this study, quantitative measurements were made of 
the motion of individual hair bundles in an excised preparation of the cochlea 
stimulated at auditory frequencies. The angular displacement of hair bundles is 
frequency selective and tonotopically organized, demonstrating the existence of a 
micromechanical tuning mechanism. 

One of the persistent problems in audi- 
tory physiology has been to identify 
mechanisms responsible for sharp fre- 
quency selectivity (tuning) and tonotopic 
organization in the responses of cochlear 
hair cells and nerve fibers (1). Contro- 
versy exists concerning the nature of 
mechanisms that might supplement the 
tuning of basilar-membrane motion to 
provide sharper tuning of hair-cell and 
nerve-fiber responses (2). In light of re- 
cent measurements of basilar-membrane 
motion (3), it is unclear to  what extent 
such additional tuning mechanisms are 
required in the mammalian cochlea; 
however, in the cochlea of one reptile, 
the alligator lizard (Gerrnonotus multi- 
carinat~is),  there is a clear difference 
between basilar-membrane tuning and 
the tuning of both hair-cell receptor po- 
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tential and nerve-fiber average discharge 
rate (4-7). Hair-cell and nerve-fiber re- 
sponses are relatively sharply tuned and 
tonotopically organized with longitudinal 
position in the organ (6, 7), but the 
motion of the basilar membrane seems to 
be neither sharply tuned nor tonotopical- 
ly organized (8). Therefore, this organ 
must contain an additional mechanism, 
between basilar-membrane motion and 
the generation of the hair-cell receptor 
potential, which produces both addition- 
al tuning and tonotopic organization. 
This mechanism has been proposed to 
reside in mechanically resonant proper- 
ties of the hair-cell hair bundles (4, 5 ,  9). 
We now show that such a micromechani- 
cal mechanism exists, that tuning and 
tonotopic organization occur at the me- 
chanical input to the hair cells. 

Hair-bundle 
tip 

Ha i r -ce l l  
soma 

Angular 
i s ~ l a c e m e n t  

Fig. 1 (left). The experimental chamber. The dissected organ is cemented with Histoacryl 
adhesive across a hole in a partition separating two fluids. An artificial endolymph (2 mM Na+, 
169 mM K', 2 mM Ca", 3 mM D-glucose, 5 mM Hepes buffer: pH 7.3) bathes the top (hair- 
bundle) surface of the organ; an artificial perilymph (168 mM Na', 2 mM K', 2 mM Ca2+, 3 mM 
D-glucose, 5 mM Hepes buffer; pH 7.3) bathes the bottom (basilar membrane) surface. The 
organ is stimulated by driving the fluid in the bottom compartment at frequencies between 1 and 
4 kHz with a piezoelectric bimorph element. The resulting motion of the organ is observed from 
above with differential interference contrast optics and recorded on videotape. Xenon-flash 
stroboscopic illumination is used to slow or stop the apparent motion of the organ. Fig. 2 
(right). Method of quantitative measurement of hair-bundle motion. The schematic cross 
section of the organ [adapted from Mulroy ( lo ) ]  shows four hair cells and the associated 
supporting cells resting on the basilar membrane (gray hatching). In response to stimulation, the 
basilar membrane appears to pivot (lower arrow), while the receptor organ rocks from side to 
side in the plane of the cross section. Motion of the receptor organ in this plane deflects hair 
bundles along their axes of morphological symmetry (upper arrow); such displacements 
produce maximal receptor potentials in hair cells (17) .  Stimulus-induced motions of the hair- 
bundle tips and hair-cell somata along the axis of symmetry were measured by processing video 
pictures of the moving organ with an electronic edge detector that tracked a contrast edge in the 
image (for example. the edge of a moving hair bundle) through a series of frames and produced 
an output proportional to the position of the edge. By focusing on the organ at different depths, 
the motion of the tip of a hair bundle (top waveform) and of the soma (middle waveform) were 
measured for an individual hair cell. The angular displacement of the hair bundle with respect to 
the soma (bottom waveform) was computed by subtracting waveforms of hair-bundle tip and 
somatic displacement and dividing the result by the height of the hair bundle, measured with the 
calibrated focusing knob of the microscope. 
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A Low-frequency stimulus (1.2 kHz) B High-frequency stimulus (3.8 kHz)  

Long hair bundle Short hair bundle Long hair bundle Short hair bundle 

Hair-Fi;ndIe 

Hair-cell  J1 soma 

Angular 
displacement ye- 

Fig. 3.  (A) Waveforms of motion of the hair-bundle tip (top) and soma (middle) of two cells, one w ~ t h  a long and the other with a short hair bundle. 
At a low frequency of stimulation (1.2 kHz), the angular displacement of long hair bundles is greater than that of short hair bundles (bottom). The 
schematic longitudinal view of the organ shows roughly where the measurements were made. (B) Waveforms for the same cells as  in (A) with 3.8- 
kHz stimulation. At this high frequency, the angular displacement of shorl hair bundles exceeds that of long hair bundles. 

The auditory receptor organ o f  the 
lizard cochlea, the basilar papilla, com- 
prises two morphologically distinct re- 
gions (10): a tectorial region in which 
hair bundles are covered with a tectorial 
membrane, and a freestanding region in 
which hair bundles project without en- 
cumbrance into endolymph. In the free- 
standing region, the heights o f  the hair 
bundles vary monotonically with posi- 
tion along the organ, from about 31 ym 
at the border o f  the tectorial region to 
about 12 bm at the basal end o f  the 
organ. This gradation o f  hair-bundle 
height correlates with the tuning proper- 
ties o f  auditory nerve fibers innervating 
this region: the best frequency o f  neural 
response ranges from about 1 kHz for 
fibers entering the organ in the region o f  
the long hair bundles, to near 4 kHz for 
fibers entering the organ in the region o f  
the short hair bundles. W e  have excised 
the organ from the ear and placed it in an 
experimental chamber designed to simu- 
late the fluid environment and the mode 
of  stimulus of  the cochlea (Fig. 1 ) .  T o  
determine whether hair cells in different 
positions in the freestanding region o f  
the organ are mechanically tuned to dif- 
ferent frequencies, we measured the mo- 
tions of  hair bundles o f  individual cells 
with a video system during stimulation o f  
the organ at frequencies between 1 and 4 
kHz. 

In response to stimulation, the lizard's 
basilar membrane appears to pivot about 
its attachment to the neural limbus, pro- 
ducing a side-to-side motion o f  the re- 
ceptor organ (Fig. 2). As a result o f  the 
organ's motion, hair bundles pivot about 
their insertions at the top surface o f  the 
hair-cell somata (11). By measuring the 
motion o f  the tip o f  a hair bundle and that 

o f  the associated soma, we can compute 
the angular displacement o f  the hair bun- 
dle, which presumably constitutes the 
effective mechanical stimulus to the cell 
(12). W e  find that the motions o f  the tips 
o f  the hair bundles and o f  the somata are 
functions o f  frequency and longitudinal 
position along the organ (Fig. 3 ) .  At low 
frequencies (near 1 kHz) and moderate 
stimulus amplitudes (13), the motions o f  
the somata are large and in phase with 
each other throughout the organ (Fig. 
3A). However, the motions o f  the tips o f  
the long and short hair bundles differ: 
short hair bundles move approximately 
in phase with the somata, whereas long 
hair bundles move out o f  phase. The 
angular displacement o f  long hair bun- 
dles is therefore larger than that o f  short 
hair bundles. At high frequencies (near 4 
kHz),  the amplitude o f  somatic motion is 
greater at the end o f  the organ with short 
hair bundles than in the region with long 
hair bundles (Fig. 3B). The motion o f  the 
tips o f  short hair bundles also exceeds 
that o f  the tips o f  long hair bundles and is 
out o f  phase with the somatic motion. As 
a consequence, the angular displacement 
o f  short hair bundles is greater than that 
o f  long hair bundles. In sum, the angular 
displacement o f  hair bundles is frequen- 
cy-selective and tonotopically orga- 
nized: long hair bundles move selective- 
ly at low frequencies, whereas short hair 
bundles move selectively at high fre- 
quencies (14). 

These data suggest that in the lizard 
cochlea, mechanical properties o f  the 
hair bundles and the receptor-organ so- 
mata determine in part such neural and 
hair-cell response properties as frequen- 
cy selectivity and tonotopic organiza- 
tion. The micromechanical contribution 

to peripheral frequency selectivity in the 
lizard can be estimated, from the differ- 
ence between the tuning o f  basilar mem- 
brane motion (8)  and hair-cell receptor 
potential (3, to be on the order o f  0 dB 
per octave below the characteristic fre- 
quency and - 12 dB per octave above. 
This estimate is consistent with theoreti- 
cal predictions o f  a micromechanical 
model o f  the freestanding region (4) .  

Viewed in a narrow sense, microme- 
chanical tuning is a method by which this 
primitive cochlea, apparently lacking a 
traveling wave o f  basilar membrane mo- 
tion, provides tonotopic organization 
and additional tuning o f  hair-cell and 
nerve-fiber responses. However, be- 
cause variations in receptor-organ struc- 
ture are found generally in vertebrate 
hearing organs (15), receptor-organ mi- 
cromechanics may contribute to periph- 
eral frequency selectivity in other spe- 
cies as we11 (16). 
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Alternating Current Delivered into the Scala Media Alters 

Sound Pressure at the Eardrum 

Abstract. Alternating current delivered into the ~ c a l a  media of the gerbil cochlea 
modulates the amplitude of a test tone measured near. the eardrum. Variations in the 
electromechanical effect with acoustic stimulus parameters and observedphysiologi- 
cal vulnerability suggest that cochlear hair cells are the biophysical origin of the 
process. Cochlear hair cells have traditionally been thought of as passive receptor 
cells, but they may play an active role in cochlear micromechanics. 

The cochlea functions as  a mechanical 
frequency analyzer with a continuous 
distribution of resonant frequencies 
along its length. The frequency response 
of the vibration of the basilar membrane, 
upon which sensory cells (hair cells) are 
located, has been studied extensively (1- 
3). Recent measurements indicate that 
the frequency selectivity of the basilar 
membrane is sufficient to account for the 
sharp frequency tuning observed in 
cochlear inner hair cells and auditory 
nerve fibers (2). 

Rhode demonstrated the physiological 
vulnerability of cochlear mechanics in 
the squirrel monkey and showed that the 
frequency selectivity and relative sensi- 
tivity decreased at  high sound-pressure 

levels (SPL's) (3). His work has been 
extended to the cat and guinea pig (2). 
Cochlear mechanics can be modified by 
stimulation of efferent fibers that are 
thought to  synapse primarily on outer 
hair cells (4, 5). The mechanics can also 
be modified by changes in the cochlear 
endolymphatic potential, which is the 
voltage gradient across the sensory epi- 
thelium (4). 

Several proposed models assume an 
active mechanical role for the hair cells 
in the generation of the sharply tuned 
basilar membrane response (6, 7). Be- 
cause the stereocilia of the outer hair 
cells are embedded in the tectorial mem- 
brane overhanging the basilar membrane 
(8) ,  the models generally consist of a 

resonant basilar membrane coupled to 
the tectorial membrane by force-generat- 
ing hair cells. The hair-cell stereocilia 
have been suggested to produce a force 
proportional to either displacement (7) or 
velocity (6). Both classes of models are 
prone to instability, which could account 
for a type of objective tinnitus in which 
sound is radiated out of the ear.  If either 
class of models is valid, the hair cells 
must be able to undergo mechanical 
changes very rapidly. 

We now report an electromechanical 
phenomenon in the cochlea, with charac- 
teristics consistent with the hypothe- 
sized hair-cell force-generating mecha- 
nism. By passing sinusoidal electrical 
currents into the scala media of the co- 
chlea, we can induce rapid mechanical 
changes. The effect seems to be related 
to the hair-cell receptor potential, as 
reflected in the cochlear microphonic 
(CM). 

Healthy gerbils weighing 60 to 90 g 
were anesthetized with sodium pento- 
barbital. A calibrated, closed acoustic 
system consisting of an earphone and 
probe-microphone was cemented into 
place at  the meatal entrance to the bulla. 
A 0.16 or 1.OM KCI-filled glass pipette 
with a tip diameter of approximately 5 
pm was inserted into the scala media of 
either the first or second cochlear turn, 
and sinusoidal currents of 1 to 50 pA 
peak-to-peak were delivered by an iso- 
lated current source. A subcutaneous, 
Ag-AgC1 current return electrode was 
placed in the neck. The entire stimulus 
and data-collection system was con- 
trolled by computer. 

Single tones were delivered to the ear- 
phone, and the resulting sound pressure 
near the tympanic membrane was mea- 
sured with a probe-tube microphone. 
The amplified microphone output was 
sampled by an analog-to-digital convert- 
er at a rate of eight samples per period of 
the acoustic stimulus. Multiple data rec- 
ords of 1024 points were averaged and 
stored for subsequent Fourier analysis. 

Figure 1A shows a typical spectrum 
obtained through the use of a 800-Hz 
tone at 65 dB SPL with a delivered 
current of 25 pA peak-to-peak at 150 Hz. 
The signal component at acoustic fre- 
quency Fa is the primary tone delivered 
to the earphone. The second and third 
acoustic harmonics are at  multiples of 
Fa. There exist acoustic emissions at the 
frequency of the electrical stimulation 
(F,) and its second harmonic. The spec- 
tral components of interest are those 
separated from the primary signal and its 
harmonics by a distance equal to F,. We 
refer to these components as  the upper 
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