MECHANICAL FREQUENCY DISCRIMINATION IN THE COCHLEA
W. D. Keidel

This morning, during the previous session of this roundtable discussion,
we were presented with a good deal of experimentation concerning the pos-
sible role of various tonal stimuli in neural discrimination. The problem of
periodicity-analysis, at the very least, must be taken into consideration when
discussing the over-all frequency analysis of the ear and the problem of pitch.

There is another point of view, however, which, at least to a certain extent,
is still valid. This is what Waetzmann meant in his statement: ,If the central
nervous system is considered to have the ability of frequency discrimination,
then this implicitely means that we are not able to base the frequency dis-
crimination of the ear upon some well-known physical events.” This point of
view certainly forces those experimenting on the physical background to
first search for an explanation of the frequency discrimination based upon the
physical function of the inner ear, and to leave not more than all that re-
mains to some neural function of the CNS.

Consequently, when even admitting that some periodicity-analysis at low
frequencies of up to a few hundred c.p.s. may occur completely separate from
the wave-dispersion within the cochlea, and considering that this phenome-
non is comparable to some general ability of all sensory receptors to ana-
lyse periodicities (e.g., vibrational sensitivity of the skin and sensitivity of the
eye to flickering light), it is indeed well established today that the frequen-
cies of sinusoidal tones, having reached steady state conditions, are dis-
tributed along the basilar membrane (Figure 1). This distribution takes place
by means of a special hydrodynamic dispersion system, discovered by
v. Békésy and calculated by Ranke, according 1o the single place theory of
v. Helmholtz, and of Gildemeister. What remains is only one single quantita-
tive problem, first raised by Wien and still unresolved.
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Figure 1: v. Békésy's forms of ,resonance” curves for six positions along the cochlear
partition. According to G. v. Békésy (1960)
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Wien started with the idea that the ability for the discrimination of two or
more different frequencies should be the feature of the same system that is
responsible for the dampening of the vibrations of the basilar membrane. The
difference-limen for frequency, on the other hand, can easily be reduced to
the DL for intensity by the following consideration: Since the DL for inten-
sity shows almost the same value of about 10 per cent for alle sensory or-
gans, in the case of the CNS and its decoding system, only that shift of the
whole pattern of movements of the cochlear partition can be detected which,
for a given group of sensory cells and at a fixed place on the organ of Corti,
causes a decay of 10 per cent of the amplitude of the vibrations of the basilar
membrane, related to the maximum now shifted to another place. Hence, a
small shift, dx, along the long axis of the basilar membrane, belongs to this
drop in amplitude. This dx becomes smaller, as the decline of the curve on
both sides of the maximal amplitude of the cochlear partition becomes
steeper. On the other hand, this steepness has a reciprocal relationship to
the amount of dampening of the vibrating system. With a knowledge of the
dampening factor and the steepness of the envelope of the movements of
the cochlear partition, it then becomes clear that this steepness is by far
too small to explain the human ear's tremendous acuity in the DL for fre-
quency. With other words, Wien's objection not only touches on the Helm-
holtz resonance hypothesis of hearing, but does so in relation to the modern
concept of the travelling-wave theory, which has been so beautifully esta-
blished by v. Békésy's experimentation. Wien’s objection is still valid, and
we should look for some adequate explanation. To be sure, we should at
least try to detect where our knowledge is still wanting.

In 1957, Ranke pointed out, in a speech before the German audiologists
assembled in Wirzburg, that the human DL for frequency corresponds to a
strip on the basilar membrane of not more than 10 micra, or a breadth of
only one hair cell. He then compared the physiological contrast of the ear
with that of another sensory organ — the eye. The pure image on the retina
with its flattened light-intensity curve, is compensated by the reciprocal in-
hibition of nerve cells, i.e, the so-called ,spatial contrast” (, értlicher Kon-
trast”). By this process the resolving power of the eye is considerably im-
proved. In the case of the ear, Ranke mentioned that the envelope of the vi-
brations of the basilar membrane also shows a flattened maximum. Based
upon the experimental findings of Galambos and Davis (1943), he then goes
on to compare the slope of this envelope with the steepness of the function
describing the dependency of the level of excitation of a single nerve fiber
on the stimulus-frequency. The result is a so much steeper gradient that the
economic limit — at least at the highest level of the CNS — is reached: the
breadth of the local step in excitation approximates the order of the diameter
of one cone. For illustration, his original slide will be reproduced (Figure 2).

This figure additionally shows that the main process of adaptation is re-
lated to the periphery, since the diagram of the shift of pitch by adaptation
to a loud tone is nearly as flat as the envelope of the basilar membrane (ac-
cording to measurements by v. Békésy, 1929). But the curve of the enhance-
ment of the loudness level by the addition of two tones of equal loudness
(v. Békésy, 1929) is comparable in its steepness to that of the neural excit-
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ation behind the process of mutual inhibition. In order to explain the mecha-
nism of the physiological contrast-phenomenon of the ear, Ranke (as well as
v. Békésy) developed his own hypothesis, which was presented at the 1949
meeting of the German Physiological Society, in Goéttingen. He cites Held's
histological finding that several hair cells (at least of the outer cell type)
are usually connected with one and the same nerve fiber, in a manner com-
parable to the hanging of currants on the same branch. The velocity of the
travelling-waves depends on the locus of the basilar membrane. For a given
frequency of a tone, there is one certain area on the basilar membrane where
this velocity has a minimal value. On the other hand, when the velocity of
nerve conduction at this area is equal to the velocity of the travelling-wave,
then the conditions for the propagation of the spike have been fulfilled. How-
ever, when the sub-liminal local excitations in each single cell are electro-
tonically summated to a spike within the nerve fiber, then this process is
highly sensitive to each minimal shift in the travelling-wave velocity, as well
as to each small phase shift. Ranke goes on to add some possible conse-
quences to this idea: (I) fibers from the basal turn of the cochlea ought to be
thicker than those from the apical one, or (lI) the distance between each of
the hair cell pairs connected to one fiber should be greater on the basal turn
than on the apex, due to the higher value of the velocity minimum of the
travelling-wave near the apex.
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Figure 2: Ranke's comparison of one of the ,resonance” curves of the cochlear par-
tition both with the loudness curves and with the steepness of the function
describing the dependency of the level of excitation of a single nerve fiber
on the stimules frequency (according to Galambos and Davis 1943). Further
explanation in the text.
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Figure 3b

Figure 3: (a) Neubert’s schematic drawing of the swelling of the nuclei of only the
outer haircells after strong acoustic stimulation (guinea pig). He found that
only interruption of the same sound influences also the inner hair cells
(figure 3b). According to Hartzendorf, Wiistenfeld and Neubert (1961).
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In the meantime, v. Békésy performed some highly relevant experiments
using the somesthetic system for vibrational stimuli as a model of the auditory
phenomena. These experiments so strikingly demonstrated the existence of
a mutual inhibitory system (although of a very complex nature) within the
terminal network of touch receptors, that we have been able to base a new
system of vibratese language on the fact that the skin is perfectly able to
receive both low pitched sinusoidal tones (as the vowels) and the transients
of speech (as the consonants), during the steady state and under certain
specified conditions (Keidel, 1958, Biber, 1961). Moreover, v. Békésy was able
to obtain experimentally quantitative data on the old concept of a duplex set
of receptor populations within the ear (Meyer zum Gottesberge, 1948; Ranke,
1953 *), Davis, 1953, 1957): the outer hair cells are 40 db. more sensitive than
the inner ones; the inner hair cells are less sensitive than the outer ones,
but with a higher sensitivity for the first derivative in time and, hence, better
fitted for mutual inhibitien. Indeed, this idea could present an analogy to the
duplicity theory of vision with the eye’s system of rods and cones.

A fine histologic contribution to this duplicity theory of hearing has been
accomplished recently by Wiistenfeld and Neubert (1960). They showed that
only the addition of transients to a steady tone-stimulation histologically
affects the inner hair cells, while steady tones alone only influence the outer
ones. These experiments, of course, carefully excluded the pure intensity ef-
fect; the over-all intensity was held constant. Only the time pattern, either
constant, or interrupted stimulation, was varied. The results are shown in
Figure 3. The histological sign of excitation was a special pycnotic increment
in the nuclei of the hair cells.

The duplicity-concept has been given further support as a result of an-
other technique that we recently employed in some experimentation (Kauf-
mann, Keidel, Stange, Spreng, Theissing, 1962). It is relatively easy to irritate
the two sets of hair cells by means of chemical agents. It is quite conceivable
that the various ferment systems, as for example, Coenzyme B, involved in
the building and destruction processes of a particular excitory substance,
e.g., acetylcholine and cholinesterase, influence the speed of the different
metabolic processes within the sensory cells to a different manner and de-
gree. In hearing, then, the speed of the metabolic processes would be slower
in the case of the less sensitive population (inner hair cells), and more rapid
for the more sensitive one (outer hair cells). It is even experimentally possible
to separate the damage on the two processes, there by accounting for the
time course of adaptation according to Ranke’s adaptation theory (see Keidel,
1961). While it has long been known (e.g., Davis, 1957) that quinine salts
seem to have a greater effect on the inner hair cells, with Streptomycin

*) Ranke writes: ,,Dass die inneren Haarzellen relativ unempfindlich sind, dafir die
Tonhohe sehr genau messen, wihrend die dusseren Haarzellen zwar sehr empfindlich
sind, dafir aber nur eine geringe Genauigkeit in der Bestimmung der Tonhéhe zulassen.
Es lassen sich jedoch ebensogut Gesichtspunkte dafur anfihren, dass auch die mul-
tiple Innervation der &usseren Haarzellen zu einer sehr feinen Tonhdhenunterscheidung
geschaltet sein kann.”
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having, in turn, a greater effect on the outer ones, our own experiments at-
tempted to compare the effects of Kanamycin and Streptomycin sulfate on
cats (instead of the dihydrostreptomycin). The following results were obtained
(Figure 4). We see here that streptomycin sulfate seems to poison, almost
solely, that enzyme involved in the excitation process of the more sensitive
population (outer hair cells), while Kanamycin affects both groups of hair
cells, as well as indicating a clear and significant difference in the alteration
of the adaptation metabolism. Further details are discussed in another paper
(Theissing, 1962).

Now, how do these experiments and hypotheses contribute to the problem
of frequency discrimination in the inner ear? We obviously do not know how
the hair cells produce this physiological contrast. What we do know, however,
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Figure 4: Dynamic (steepest) and static (adapted more flat) intensity functions of

the compound action potential delivered by trains of clicks when using dif-
ferent repetition rates thus revealing the status of adaptation (cats).
Left row: control; middle row: After 11 injections of 150 mg/kg Streptomycin
sulfate. Only the population of the outer hair cells seems to be affected
(rise of threshold about 40 dB, but the steepness of both dynamic and
steady-state curves is not altered; the inner hair cells seem to be intact;
right row: after 10 injection of 150 mg/kg Kanamycin: not only the outer hair-
cells seem to be affected but also the metabolism of the inner ones is
intoxicated: the steepness of the dynamic curve is less flattened than that
of the adapted steady-state curves; this result could be explained in ac-
cordance with Ranke’s hypothesis of adaptation as a different influence of the
Kanamycin upon the two components of the cell metabolism for building and
rebuilding of some excitatory substance.
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is how much they do. To this end, Figure 5 presents a comparison, similar to
that made by Ranke in Figure 2, but including the new neurophysiological
data of Galambos, 1952, Davis, 1943, Tasaki, Eldredge, 1954 (Figure 5a). We
can compare exactly the excitability-frequence curves of the first and second
neurons with the steepness of the envelope of the basilar membrane. Taking
into consideration that the ordinate here has a logarithmic value, while the
envelope of the basilar membrane excursions is usually plotted linearly, one
can easily say that the frequencies below the optimal frequency of a given
neural unit shows the locus of the origin of the physiological auditory contrast
between the first and second neurons. But for the frequencies above that
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Figure 5: Neural excitation curves of the first and second neuron (according Galambos

and Davis and Tasaki and Davis) are compared quantitatively with the ,re-
sonance curve” of the cochlear partition (calculated to Ranke’s formula). The
frequency — distance relation is based upon the Wegel-Lane-distribution
of frequencies along the basilar membrane. The frequencies higher than the
optimal frequency of the neural units show the contrast phenomenon between
the hydrodynamics of the inner ear and the excitation of the first neuron;
however for lower frequencies the excitation curve of the first neuron is as flat
as the ,resonance’ curve of the cochlear partition; the first step in the con-
trast phenomenon here is clearly a neural one, located between the first
and the second neuron (figure 5a); the higher levels of the CNS, e.g. the
third and fourth neuron contribute additionally to the over-all-contrast, figure
5b according to Katsuki, (1958, 1959).

43



Figure 5b
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optimal frequency, the contrast is almost complete in the first neuron. The
higher neurons, as Katsuki's (1958, 1959) experiments prove so clearly, cer-
tainly improve the over-all contrast. But this improvement belongs much more
to the lower frequency range (Figure 5b).

What does all this mean? One fact is immediately clear: The , Low-fre-
quency-contrast” is obviously mainly a neural phenomenon, probably based
upon inhibitory neural multiple network circuits, and temporal inhibitory func-
tions of a complex nature, to which Dr. Katsuki can perhaps tell us some-
thing more. But the ,high-frequency-contrast” seems to occur somewhere
between the first neuron and the hydrodynamics of the inner ear. And here
is where the largest gap in our experimental knowledge lies, when attempting
an adequate and true explanation for Wien's objection. Perhaps Ranke's
hypothesis, mentioned above, can partly resolve this problem. Then again,
perhaps this problem is somewhat related to another set of observations by
v. Békésy, summarized in Figure 6. Since the direction of movement of
single cell groups, within the flat envelope of the cochlear partition vibrat-
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Figure 6: The distribution of the radial and longitudinal vibrations along the organ of
Corti for stimulation with a tone, seen through the Reissner's membrane.
From G. v. Békésy 1953.
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ions, varies along a relatively small strip of the basilar membrane, from the
radial, to the vertical, and to the longitudinal direction of vibrations, there
is certainly enough space available to permit a mechanical explanation for
this part of the auditory physiological contrast — in reality then a physical
explanation. In other words, what we need here is a completion of our know-
ledge on the transformation of the hydrodynamics of the perilymph into that
of the endolymph, and into the real adequate stimulans of a single hair cell,
including the inhibitory effect of the multiple network connected to it. Con-
sidering the radial movement as the effective one, as far as | can discern,
the breadth of the excited band of hair cells would be reduced to the diameter
of a few Hensen-cells. But | think that we should reserve this question for
our moderator, and refrain, for the present, on any further speculation con-
cerning this part of the frequency discrimination.

Before embarking on this quite interesting discussion, however, | would
like to cite another set of experimental data, which, in my opinion, should not
be neglected in connection with the problem at hand. Since the original de-
tection of Rasmussen’'s efferent fiber system (1942), this has been repeatedly
verified in the experimental work of Galambos, 1954, 1955, 1956, Davis, 1944,
Desmedt, and Mechelse, 1957, 1958, 1959, 1960. During the past year, one
of the assistants in our institute (R. Pfalz) succeeded in showing that this ef-
ferent feedback slope, descending from higher parts of the CNS, not only
influences the degree of efficiency of units of the cochlear nucleus (guinea
pig), but also influences single units of the cochlea itself.

By the use of an ultra-fine microelectrode technique, he was able to
show that this effect is not only dependant upon the intensity (explored
for 50 to 110 db SPL), but is also highly dependant upon the frequency.
This result is indicated in the last Figure 7. The left row in Figure 7a is a
record of a spontaneously firing unit, the firing rate of which is expressed
by intense sound (pure tones and clicks) on the opposite ear, while the
ear on the record side is completely deafferentiated. There are different
types of such units with respect to the time pattern of inhibition. The
last Figure 7b clearly showsthe dependency of the sound delivered to
the opposite ear upon the frequency. 260 units were explored here, in
which the latencies varied between 11 and 500 msecs. The frequency-
functions for sinusoidal pure tones show an optimal frequency of inhi-
bition at a bandwidth of 1 to 2 octaves, (about half the number of units).
The other group inhibited similarly for all frequencies, with the exception
of one to two octaves (worst-frequency units). The clicks (0.2 msec)
showed distinct, but systematic, effects, so that the transient and non-
transient-sensitive receptors of the non-deafferentiated ear could be se-
parated again. Up to the present, the same effect has been established
for descending fibers to the cochlea itself. But as this has been found
much less often (7 out of 120), no frequency-functions could be obtained
(R. Pfalz).

Since Loewenstein (1955, 1956) proved that the firing rate for single fibers
of the skin, in this case the sympathetic fibers, could also be varied by des-
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Figure 7: Suppression of a spontaneously firing unit within the cochlear nucleus of
one side (deafferentiated) by acoustic stimulation of the opposite ear (si-
nusoidal tones and trains of clicks); figure 7a typical for 34 out of 260 re-
corded units); the descending inhibition is highly frequency-dependent and
could also contribute to the overall-contrast-phenomenon as well as to the
socalled ,,Lauschen” (figure 7b; according to Pfalz, 1962)
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cending fibers, these experiments seem to be an initial step in the explana-
tion of experiments (v. Békésy), which the dependence of pitch on the firing
rate of the nerve fibers, both in the somesthetic and auditory systems, is not
always a simple correlation, nor in a simple agreement with the volley-theory.

But the whole set of problems involved converges here on the question of
how the inner ear analyses different sound frequencies: the Proportional-
differential-sensitivity of the receptors, the Duplicity theory of hearing, the
reciprocal spatial and temporal inhibition, and the auditory ,,Physiological
contrast’’. Perhaps these should now be discussed together in more detail.

Summarizing. The frequency-analysis of the inner ear, according to the
single place theory is given emphasis in terms of the exact description by

Figure 7b
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v. Békésy of the travelling-wave theory, and the calculations of Ranke. The
frequency-dispersion along the basilar membrane, however, is too rough to
explain the small human DL for frequency. Recent experiments were then
cited to show that only the low-frequency range of the auditory physiological
contrast is of a neural (inhibitory) nature, while that for the higher frequen-
cies above a given optimal frequency is still unexplained. This aspect of the
auditory contrast might very well be of a mechanical, i.e., physical nature.
Possible avenues for discussion are also mentioned.

DISCRIMINATION MECANIQUE DE LA FREQUENCE
DANS LA COCHLEA

Aujourd’'hui, pour discuter le probléme de la discrimination des fréquences
sonores par |’ oreille interne, nous nous basons sur une certaine forme des
théories du lieu singulier (single place theories), qui fut développé par les
expériences de v. Békésy, d’accord avec les calculations de Ranke, et fut
nommé theorie hydrodynamique ou théorie des ondes migratices (travelling
wave theory). Pourtant, if faut considérer, que la dispersion des fréquences
le long de la membrane basilaire ne donne qu’une analyse, trop brute qui ne
suffit pas pour expliquer la délicatesse énorme de la sensation humaine,
c’est a dire le seuil si bas de discrimination de la hauteur des tons.

Dans le domaine des fréquences basses et moyennes, I'enveloppe des
amplitudes oscillatoires de la membrane basilaire, en représentation loga-
rithmique de sa distance de la fenétre ovale, et, par comparaison, la courbe
du seuil d'un neurone acoustique premier, en représentation correspondante
des fréquences sonores, apparaissent étonnament similaires (Fig. 5). Ici, tout
d’accord, les courbes assez aplaties démontrent un degré de I'analyse des
fréquences, sans doute insuffisant. Le contraste tonal de cettes fréquences
basses a lieu, par conséquent, au-dessus du niveau des neurones premiers,
c'est a dire, il y a ici un type du contraste neurophysiologique, bien connu
de presque tous les systémes analyseurs, en premier lieu, de I'appareil op-
tique ou somésthétique: autour d’'un élément, excite a un degré plus haut,
se fait une zone d’influence inhibitrice.

Mais, au contraire, dans le domaine des fréquences plus élevées, audessus
de la région du seuil minimum, il y a la différence fa plus possible entre I'en-
veloppe des amplitudes de la membrane basilaire, aussi bien aplatie ici, et,
d’autre, la courbe, brusquement élevée, du neurone premier. Ceci nous auto-
rise & la conclusion suivante: en cas des fréquences plus élevées, le con-
traste tonal, du aux phénoménes tout différents, a lieu au niveau des cellules
sensorielles.

Il est impossible, & présent, de résoudre ce probléme-la par une certaine
réponse, en effet, il y a une poignée des mécanismes possibles, plus ou

49



moins importants. En premier lieu, v. Békésy a observé, en se servant de
I’eclairage stroboscopique, de certains changements de la direction des
mouvements oscillatoires de la membrane basilaire et de I'organe de Corti,
se réalisant en zones assez étroites (Fig. 6).

Deuxiément, I'innervation spéciale des cellules ciliées externes pourrait
représenter, selon Ranke, un appareil exceptionellement sensitive pour me-
surer des différences minces du temps, quand les ondes migratices passent
le long de la série des celluies ciliées externes, connexes par une certaine
fibre nerveuse. En effet, quand la vélocité de I'onde, en cas de sa corréspon-
dance a cette de l'excitation nerveuse, détermine le déclenchement et la
propagation des potentiels d'action, ce systéme peut enregistrer des diffé-
rences de I'amplitude simultanées par des différences du temps de I'exci-
tation.

Aujourd’hui, par I'applications de certaines drogues comme kanamycine
ou streptomycine sulfate, nous pouvons réaliser des |ésions et des troubles
fonctionnels des cellules ciliées internes ou des cellules externes isolément.
Moins sensitives a l'intensité du stimulus, les cellules ciliées internes tiennent
a son tour la discrimination de fréquences sonores la plus précise (Keidel,
Kaufmann, Spreng, Stange, Theissing; fig. 4).

Finalement, nos expériences chez le cobaye, dont la cochlée d'un céte
était détruite (Pfalz), démontrent d’'influence des voies nerveuses centrifuges.
Il y a des cellules spontanément actives, situées dans le tronc du nerf acous-
tique au coté désafférenté, et les variations de leur activité, causées par une
stimulation de I'oreille contra-latérale, dépendent non seulement de l'intensité,
mais encore de la fréquence du stimulus tonal. La stimulation par clicks donne
une influence différente. Ceci indique de nouveau l'existence des deux types
de récepteurs. D'autre part, cette influence, le plus souvent inhibitrice, par le
systéme efférent de Rasmussen, représente encore une fois la possibilité
d’un contraste acoustique neurophysiologique (fig. 7).
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