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PART I - INTRODUCTION

Historical Survey

In 1896 Beauregard and Dupy (1) succeeded in recording electrical
potentials from the eighth cranial nerve in the guinea pig. Their report
was the first published investigation concerned with the electrical phenomena
of thse audiﬁory apparatus. Using an aperiodic d'Arsonval galvanometer with
non-polarizable electrodes applied to the tympanum and to the cut surface
of the nerve, they were able to demonstrate the presence of the demarkation
potential., More important was their observation that a deflection of the
galvanometer in the opposite direction to that of the demarkation potential
occurred when the sound of a whistle or tuning fork was applied to the ear,

Ten years after the publication of Beauregard and Dupy's paper,
Piper (2)(3) recorded with a galvanometer potential changss from the
saccule and otolith in fish on stimulation wifh sounds of 100 and 260
vibrations per second. Buijtendijk (h), a few years later, was unable to
verify Piper's observations but obtained what he believed to be action
currents from the eighth nerve in the guinea pig and rabbit following stim-
ulation of the ear with pistol reports and loud sounds from a flute.

Forbes, Miller and O'Connor (5) were the next investigators to
apply electrical methods to the study of the ear. In an attempt to answer
the problem of representation of frequency in the auditory tracts they
placed electrodes on the medullae of decersbrate cats and registered the

potentials arising therein in response to loud sounds. Impulses coincident

with the stimuli wers obtained when sharp sounds such as the clicks of a



watchman's rattle were used but only "imperfectly synchronized" responses

could be initiated with tones of low frequency. Forbes et al. concluded

from these experiments that tonal stimuli do not elicit synchronized
potentials in the auditory tracts -- a conclusion which received apparent
support from results obtained by Foa and Peroni (6) in the facial-auditory
nerve of the giant sea turtle. The latter workers observed discharges of
from 50 to 60 impulses per second during acoustic stimulation irresnective
of the frequency or character of the stimulus.,

All of the early work in this field suffered from severe limita-
tions of technic. The galvanometers used were either too slow, or at high
string tensions too insensitive for the purpose of investigating the
electrical phenomena of the auditory apparatus. Indeed until the vacuum
tube amplifier and later the oscillograph were adapted to the study of
bioelectricity, recording methods were in most instances quite inadequate.
The first definite evidence that synchronized potentials may be recorded
from the auditory nerve was obtained in 1930 by Wever and Bray (7)(8).

These workers found that when electrical currents picked up from the audi-
tory nerve were amplified and led to a telephone receiver they faithfully
reproduced in the receiver sounds impinging upon the ear of the animal,

Wever and Bray took extensive precautions to exclude artefacts, and having
shown by various means that the phenomena observed depended upon the physio-
logical activity of the auditory system, attributed the effect to synchronized
action currents produced in the nerve through excitation of the inner ear by

the sounds employed.

At first, meny investigators considered that the Wever and Bray



results were due to electrical and mechanical artifacts such as vibration
of the pick-up electrodes, electrical interference due to insufficient
shielding, ete. (9). Kreezer and Darge (10), for example, found that when
they took precautions to avoid such artifacts they could obtain only nega-
tive results, and suggested that the effect, as originally observed, was

due to electrical interference at the site of the operation. However, the
criticisms advanced by these authors have been adequately answered through
subsequent experimentation, and the effect has been verified in many differ-
ent leboratories (e.g. Hughson and Crowe (11)(12)(13), Crowe (1), Adrian
et al. (15), Rademaker and Bergansius (16), Elmquist and Sjostrom (17),

Davis and Saul (18)(19), Bast et al. (20), Hathaway and Rasmussen (21),

Fromm et _al, (22)(23), Hallpike and Rawdon-Smith(24)).

The Nature of the Wever and Bray Effect

The presence of action currents in the auditory nerve had been
taken for granted long before it was first directly demonstrated by
Beauregard and Dupy. However, the introduction by Rinne (25) and Voltolini
(26) of the theory of central analysis of sound, and Rutherford's (27) sub-
sequent development of the telephone or frequency theory of hearing, created
new interest in the problem. Contrary to the then widely accepted resonance
hypothesis of Helmholtz, Rutherford proposed that the discrimination of
pitech depended upon the number of impulses travelling in the auditory nerve
per second, and the loudness of the perceived sound upon the number of
fibers activated., The responsibility of furnishing proof for one or the

other of the two theories devolved upon the electrophysiologists; their



problem was to determine whether the discrimination of pitech depends upon
the number of impulses travelling in the nerve as a whole, or upon the
activation of a certain specific fiber or group of fibers,

As was mentioned in the historical introduction, Wever and Bray
were the first to observe synchronized potentials in the auditory nerve.
Their observations appeared to show that the nerve was capable of repro-
ducing frequencies of stimulation up to at least 5,000 cycles per second.
But transmission of impulses at a rate of 5,000 per second required the
nerve to hsve a functional recovery period (refractory phase) of less than
0.2 milliseconds, which is approximately ten times shorter in duration than
the recovery period in other sensory fibers of similar size and character.*

The briefness of this refractory phase cast some doubt on Wever
and Bray's conclusion that the potentials recorded by them were nerve
action currents and on the basis of certain tests, Adrian (28) suggested
that the phenomenon depended upon microphonically generated potentials
arising in the cochlea itself. He found, for instance, that cooling
the bulla or narcotizing the nerve, measures which normally would abolish
responses of nervous origin, had little or no effect upon the potentials
which are picked up by electrodes placed on the nerve and round window in
the manner of the.original authors. Adrian subsequently reversed this
judgment, because in later experiments carried out in collaboration with
* The functional refractory phase for the whole nerve must necessarily be
imposed by that part in which its fibers have the smallest diameter:

In the case of the auditory nerve the intra-cochlear endings of the fibers

are unmyelinated and of very fine diameter. According to the schema
developed by Gasser and Grundfest such fibers should have an absolutely

refractory period of about 2 msec.



Bronk and Phillips (15) it was found that the phenomenon was no longer
demonstrable after cocainization of the intra-cochlear nerve elements.

His suggestion that the potentials were of physical rather than nervous
origin was nevertheless taken up by several other laboratories. Rademaker
and Bergansius (16) from experiments similar to those originally made by
Adrian, decided in favor of what they termed an "electrical spread" from the
cochlea as the basis of the effect., Similarly, Bast and associates (20),
using the technic of amplifying the potentials and converting them to sound,
found that not only were the potentials undiminished after the nerve had been
immersed in chloroform, but that the reproduced sounds had an increased
clarity. If the potentials thus amplified were entirely nervous in origin
why should chloroform which would normally depress or obliterate them have
in this case the type of action just described? Bast et al. did not, at the
time, propose any solution to the problem but in another laboratory a series
of experiments were gradually providing an answer to this apparent paradox
by showing quite clearly that the Wever and Bray phenomenon had a dual
nature,

Davis and his co-workers (29)(30)(31) presented the first complete
evidence that the Wever-Bray effect actually had two electrical components:
action currents from the nerve and a non-neural electrical spread from the
cochlea. Their evidence depended mainly upon observations made with two
different types of electrode system: one in which a co-axial electrode was
placed in the auditory nerve or tracts, and another in which an unshielded
tactive! electrode was placed on the round window of the cochlea, and an

tindifferent' electrode applied elsewhere on the animal. The rationale for



the use of the two different electrode systems was as follows: Because

the 'pick-up'! of a co-axial electrode is limited strictly to a small region
within its immediate vicinity, the placing of such an electrode in the
auditory nerve or tracts should permit observation of pure action currents
uncontaminated by potentials of extraneous origin.* On the other hand,
potentials generated within the cochlea itself, should be picked up by a
recording system in which the active electrode is applied to the round
window,

Differentiation of the two components of the Wever-Bray phenomenon
was achieved on the basis of the following functional characteristics as
determined by observation with the two types of electrode technic described
above,

Vulnerability: Action-potentials are reversibly depressed by narcosis and

by cold. They are also suppressed, especially in the higher auditory path-
ways, by deep surgical anesthesia., Cochlear potentials, on the contrary,

are unaffected by cooling or by narcosis of the nerve and, although diminished
in size, may persist for various periods after death (32).

Frequency Range: Synchronized potentials may be obtained from the cochlea

in the cat in response to frequencies up to at least 12,000 cps. The upper
frequency limit in the nerve, however, never excseds about 35,000 cps., and

in the auditory tracts the upper limit is still lower, probably not more than

* Tt must be pointed out that Wever and Bray and all other investigators up
to this time had used unshielded wire electrodes insulated except at the tip

where they made contact with the nerve.



1,000 cps. Above the limiting frequency impulses are, of course, still
present in the nerve or tracts but they are disorganized and asynchronous
with respect to the activating sound waves.

Refractoriness: The limit of frequency response in the nerve fibre, as

defined above, is imposed by the period of refractoriness which inevitably
follows each nerve impulse. The source of the cochlear potentials does not
exhibit a phase of inexcitability and a continuous response is elicited
with prolonged, repetitive stimulation,

Magnitude: The response magnitude from the cochlea is many times greater

than that from the nerve for any given intensity of stimulation. Voltages

as high as 800 microvolts (33) have been recorded from the cochlea, a
potential which far exceeds the maximum which could be explained by summation
of the action currents of the intra-cochlear fibers of the auditory nerve.

Stimulus-Response Relationships: The action of the stimulus in the excita-

tion of a nerve fiver may be likened to the firing of a gun: When the
trigger 1s pulled, the gun fires with all the energy it has. The force which
is exerted on the trigger bears no relation to the resulting explosion once
enough pressure has been applied to release the hammer. The single nerve
fiber responds in a similar all-or-none fashion. The size of the action
potential is not a function of the strength of the stimulus, but depends
entirely upon the immediate condition of the tissue. In the case of a whole
nerve trunk, however, the magnitude of the stimulus does bear a relation

to the response size in the sense that, due to the fact that individual

Pibers differ from each other in excitability, the stimulus intensity will

determine the number of fibers participating in the response -- the



inerements therefore are quantal in character.

The magnitude of the cochlear potentials is a simple linear
function of the intensity of the stimulus. There is neither evidence of
step-like increments in their size as inténsity of stimulation is increased,
nor a suggestion of an all-or-none relationship between stimulus and response.
Latency: The action currents of the auditory nerve have a latency with
respect to the cochlear potentials of from 0.55 milliseconds to as much as
2.0 milliseconds depending on the polarity and intensity of the stimulus (34)
(35); such a latency is too long to be accounted for as the time taken for
transmission of the impulse from the hair cells to the location of the record-
ing electrode, a distance less than five millimeters. Nor can the presence of
the ganglion cell in the path of the impulse be assumed to delay transmission
enough to explain the latency (36).

Polarity: Nerve fibers always show negativity in the region of activity with
respect to an indifferent electrods placed elsewhers on the animal. On the
contrary, the electrical sign of the first oscillation of the cochlear
response depends on whether the first sound wave impinging on the ear drum

is one of negative or one of positive pressure (37)(38).

Masking: It is possible to cancel the nerve impulses elicited by one tone
through simultaneous presentation of another, providing the frequency of

the masking tone or one of its harmonics lies near the frequency of the masked

tone, an effect which cannot be demonstrated in the electrical responses

obtained from the cochlea,



Relation of cochlear potentials to the integrity of the auditory nerve.

The data outlined in the foregoing paragraphs clearly show that
the functional characteristics of the potentials recorded from the intra-
cranial portion of the auditory nerve differ in several significant aspects
from those of the potentials obtained from the cochlea. Nevertheless, a
few observations contradictory to the hypothesis that the Wever and Bray
phenomenon involves a non-neural component must now be considered and
explained.

From experiments in which it was found that cocainization of the
cochlear elements abolished the electrical potentials from that structure,
Adrian and his associates (15) concluded that the potential changes observed
with the Wever-Bray technic have their origin in intra-cochlear nerve fibvers.
Apparent support for the hypothesis was forthcoming in results obtained in
an investigation of the effect of eighth nerve section upon the electrical
activity of the acoustic system. Contrary to the law of Wallerian degsnera-
tion, the spiral ganglion cells and their dentritic processes degenerate
when the auditory nerve is severed at the entrance to the internal meatus.
Hallpike and Rawdon-Smith (39)(4%0) took advantage of this anomaly in an
attempt to determine if deterioration of the nervous elements within the
cochlea is accompanisd by irreversible loss of electrical responses from
that organ. Because electrical responses could be elicited from ons such

preparation, in which all nerve tissue showed atrophic changes, but in

which the other structures of the inmer ear were apparently normal, first

led these workers to ascribe a neural origin to cochlear potentials (40).

Subsequent investigation (41) (42) (43) (44) (45) revealed, however, that when
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care is taken to preserve the blood supply to the inner ear, section of
the auditory nerve does not annul the electrical phenomena which are
normally recorded from the round window. On the other hand, severance or
blockage of the internal auditory artery which runs in close association
with the nerve causes necrotic deterioration of all cellular elements of
the cochlea and a concomitant loss of electrical responsiveness.

Adrian's results can be explained by the fact that the action
of cocaine to abolish cochlear potentials is non-specific, for many diffus-
ible substances including sodium-chloride and glycerine have since been

shown to have a similar action.*

Origin of Cochlear Potentials

Having established that electrical changes may be recorded from
the cochlea after the neural structures therein have degenerated, it now
becomes necessary to determine the precise origin of these potentials and
to define the possible mechanisms by which they may be produced.

Soon after the discovery of the Wever-Bray effect, Howe and Guild
(46) (47) showed that audioelectric phenomena are absent in congenitally
deaf albinotic cats. Histological examination of the ears of these animals
revealed that the hair cells and sometimes the supporting cells of Corti's
organ were completely absent although the ganglion cells, their processes
and the endolymphatic channels showed no abnormalities, Similar observations

were later made by Davis and his associates (48)(49)(50) on both albino cats

* See section entitled "Data from the Application of Drugs" page 12,
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and waltzing guinea pigs, and by Hughson, Thompson and Witting (51) on
congenitally deaf Dalmation dogs. These studies of naturally occurring
pathological conditions have served guite definitely to relate the

electrical response to the cells of Corti's organ. The waltzing guinea

pigs studied by Davis et al. are of special interest for the only abnormality
detected in this instanée was a slight but definite degeneration of the

hair cells, yet one of these animals yielded no cochlear potentials and the
other only a slight trace. The inference is that the hair cells are not only
essential to the production of cochlear potentials, but that even slight
deterioration in these cells is sufficient to abolish the effect.

Whatever the actual mechanism may be, whereby transformation of
mechanical into electrical energy is accomplished in the cochlea, one factor
has definitely been established, and that is that pure tone stimuli evoke
electrical responses from discrete and localized regions of the end organ.
The evidence for this statement stems from researches using several different
types of technic, a description of which is given herewith:

Embryological Data: McCrady and his associates (52)(53)(54)(55) made a care-

ful developmental study of the auditory apparatus of the opposum (Didelphys

virginiana and Didelphys marsupialis), one of the few mammals in which the

ear is immature at birth. They find that the nervous system is complete for
about one week before hearing is possible and that this function seems to
await not only the appearance of Corti's organ but the last subtle steps of
jts differentiation (52). The development of the sensory epithelium is not
a simultaneous event throughout the length of the organ, but a progressive

process about five-sixths of which occurs after birth. Cochlear responses
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begin to appear on the fifteenth day and are at first limited to frequencies
in the vicinity of 1,500 cps.; at this stage the organ of Corti has reached
mature development in only the seéond half of the first turn of the cochlea,
Differentiation of the organ begins in the distal portion of the basal coil,
and then progresses in both directions. Likewise the range of the audio-
electric response begins with tones of the lower middle frequencies then
spreads to the upper and lower limits of the audible spectrum.

Data from the Application of Drugs: Many chemical substances including

cocaine, quinine, calcium chloride and sodium chloride have been found to
impair the electro-acoustic response when they are injected into the cochlea,
or simply allowed to diffuse through the round window (57)(58). A systematic
study of this effect has been carried out by Fowler and Forbes (59)(60)(61)
who applied various crystalline substances to the round window. They found
that the slectrical responses to high tonses were impaired sooner and to a
greater extent than the responses to low tones. Microscopic sections of the
cochlea subjected to these substances revealed that the hair cells nearest
the round window were the structures most damaged. Fowler and Forbes!
observations have been verified and extended by Wever and Bray (62) and by
Walzl (63) who have also shown that when the diffusion gradisnt is reversed
by placing the chemical substance in a hole drilled in the apex, instead of
on the round window, low tone responses are the first to be impaired.

Surgical Data: The evidence obtained with various surgical procedures is

not as definitive nor as conclusive as that obtained using other technics,

for obviously the cochlea is not normal once it has been scorched, drilled

or otherwise injured. Thus the failure of may investigators (64) (65) (66)
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(67)(68) to obtain discrete losses with supposedly localized surgical
lesions may be explained by the possibility that tissues other than those

in the specific region of the operation may have been traumatized, with
consequent changes in the hydrodynamic or mechanical characteristics of

the acoustic system. BREven when post mortem histological examination is
made, it is often extremely difficult to evaluate the structural damage

and to differentiate between functionally normal and abnormal cells. The
success of some workers (69)(70)(71), on the other hand, in obtaining
fairly discrete losses with localized lesions can be explainsd only on the
basis that the technics employed successfully produced circumscribed regions
of destruction in Corti's organ. The culminating study of this problem was
made by Walzl and Bordley (72). They removed with a dental burr the bone
over a selected area of the spiral ligament, and then with a blunt probe
loosened the ligament by gentle pressure. This procedure caused a re-
stricted area of the basilar membrane to bend and the portion of the sensory
epithelium thereon to be crushed or dislodged; in this way Walzl and
Bordley were able to destroy at will circumscribed regions of Corti's organ
without traumatizing other areas and without causing an escape of endolymph.
The results of many experiments made with this technic clearly demonstrate
the fact that near threshold the electric response to any frequency is limited

to a small portion of the organ of Corti.

Electrical Data: Hallpike and Rawdon-Smith (73) were the first workers to

attempt to localize response areas within the cochlea by recording the
electrical potentials from various loci on the surface of the cochlsa., In

one such experiment they made minute drill holes in the cochlear wall, filled
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the holes with mercury and placed an elsctrode in contact with the metal

in each of the holes successively. Their observations indicated that the
electrical responses to low frequencies are transmitted with greater
intensity when the electrode is near the apex than when it is near the base,
and vice versa. Culler and co-workers (74)(75)(76) developed a similar
technic using the guinea pig, an animal which is particularly suited to
this type of experimental approach in that the cochlea is not imbedded in
the petrous bone as it is in man but projects from it in such a way that
nearly 70 per cent of the walls of its four and one-half turns are readily
accessible. Culler et al. exposed the organ by cutting through the bulla
from the ventral aspect and then applied short lengths of sharp tungsten
wire to twenty-five carefully localized points on its bony surface. Using
an amplifier and a wave analyser as a thermionic voltmeter, they measured
the phono-electric response of each point to each of twenty tones ranging
from 60 to 7,500 cps. In this way it was seen that each locus tested would
respond maximally to a short range of frequencies, and that the electrical
foci are so arranged that the organ is graduated in frequency response from
base to apex. The cochlear map which Culler et al. constructed from this
data coincides, within the range of experimental error, with a similar map

drawn by other investigators employing similar methods (77).

Theories Concerning the Mechanism by Which

Cochlear Potentials are Generated

The material in the foregoing paragraphs, which constitutes almost

the entire empirical data on the nature and origin of the audio-electric
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response, tends to elucidate but two aspects of the problem: First, it is
evident that the process by which transduction of mechanical into electrical
energy is accomplished in the cochlea is gelective with respect to frequency,
and, second, it is probable, though by no means certain, that the hair cells
of Corti's organ are essential to the production of cochlear potentials.
Beyond this very little is known and all other material regarding the mechan-
ism of energy transduction by the cochlear elements is purely theoretical and
based almost entirely upon analogical or deductive considerations.

"Streaming Potentials" Theory.

Eyster and his associates (78) demonstrated that the miercphonic
action of the cochlea may be simulated by & model in which the potentials
arise as a result of flow (induced by the action of sound waves) of water
through membrane pores. They pointed out that a system such as the internal
ear, consisting as it does of aqueous phases separated by porous membranes,
would inevitably generate potentials of this type, and on the meager evidence
of this physical analogy concluded that streaming potentials across Reissner's
membrane are the sole source of the audio-electric effect.

The theory does not account for the several instances where electrical
activity was found to be depressed or absent in the presence of a normal
membrane of Reissner and a normal endolymphatic system (72)(79). Nor does it
seem possible that streaming potentials occurring at localized and restiricted
regions of Reissner's membrane could be of sufficient magnitude to account
for the large cochlear potentials which arise in response to a single pure
For as pointed out elsewhere, a factor which has been

tone stimulus.

definitely established is that a specific and circumscribed region of the
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cochlea is responsible for the production of the electrical potentials
arising in response to a single pure tonse.

Leiri (80)(81)(82) has proposed a complicated variation of the
streaming potentials theory which may be briefly stated as follows:
Oscillation of the fluids in the inner ear initiates transverse vibrations
in the tectorial membrane, causing the membrane to contact two hair cells
situated at a mutual distance equal to the wavelength of the activating
sound. As the vibrations of the tectorial membrane take place in the
magnetic field set up by streaming potentials produced by blood movements
in the vas spirale, induction-tensions are created whereby electrical
fluctuations in the auditory nerve, *homorhythmical with the tones' are
initiated in the same manner as voltage fluctuations in a dynamic microphonse,.

The same objections apply to Leiri's complex hypothesis as to the
simple original. There ars many other contradictory factors, the most
important of which is the demonstration that latency of the action potentials

in the auditory nerve bears a direct relation to the polarity and intensity

of the stimulus (37).

Concentration Potentials Theory.

Hallpike end Rewdon-Smith (&3)(&4) postulate that cochlear
potentials are developed across Reissner's membrane either as a result of
a chemical difference between endolymph and perilymph or as a result of an
electrical assymetry integral in the membrane itself. In association with
Gatty, Rawdon-Smith has (&5) demonstrated that audioelectric phenomena

resembling the cochlear potentials may be observed in a model consisting of

a frog's skin-membrane bounded by fluids.
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While the latter experiment shows that the cochlear effect may
be imitated by a model, it does not provide evidence per se that a polarized
membrane is the source of the potentials generated in the inner ear. Indeed
the membrane theory fails to account for many aspects of cochlear electrical
activity including the essential factor that each stimulus frequency has a
definite focus of response in the organ. Furthermore, Walzl (63) has shown
that cochlear potentials are comparatively insensitive to changes in the
ionic composition of the perilymph, and several authors have noted losses
for specific frequencies when Reissner's membrane was normal throughout its
length (49)(79).

gand § Potentials Theory.

Kupfer and Voss (86)(87)(88)(89) maintained that the audioelectric
potentials are produced by contact and electrokinetic effects at the marginal
interfaces of solids and liquids in the cochlea. They draw attention to the
fact that an electrical field is present at the boundary between a solid and
a liquid such that the solid carries charges opposite in sign tc the liquid
which bounds it, and that alternating potentials are created when an applied
oscillatory force displaces or separates these dipoles. Many factors tend to
render the theory untenable, especially the circumstance that damage restricted
to a small portion of the cochlea may almost completely abolish the response
to a single specific frequency, when according to the theory the potentials

represent the sum total of electrokinetic effects arising at all solid-liquid

interfaces within the cochlea,

Piezoelectric Potentials Theory.

The several instances in the literature where the electrical
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response from the cochlea was absent in the presence of but slight degenera-
tive changes confined to the hair cells of Corti's organ led Davis and his
associates (48) to conclude that these cells constitute the sole agency
involved in the production of microphonic potentials in the inner ear. They
postulated that the physical process by which the electrical potentials are
generated depends upon a piezoelectric effect due to distortion of cells
containing oriented organized molecules.

That cells of solid or semisolid nature having a special form of
molecular structure could be responsible for the production of the audio-
electric potentials is quite conceivable. It is well known that when pressure
is applied to certain crystals characterized by a particular type of lattice
structure, a dipole moment is produced, this being due to a separation of the
centers of gravity of the loci of the positive and negative charges in each
molecule. The potential, thus created, is essentially proportional to the
distorting force, the dipole moment being a product of the multiplication
of the values of the charges by their separation.

Unfortunately for the theory, there has not been any experimental
data forthcoming to support the contention that the hair cells contain the
necessary molecular lattice, but this is ths only positive criticism that

can be made at the present time*, and in general the characteristics of the

cochlear response are typical of a piezoelectric mechanism.

* The objections which have been raised by Hallpike, Hartridge and Rawdon-
Smith (90) depend upon certain basic assumptions which do not appear to be
valid and they will be discussed in detail in the experimental section of

this thesis.
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The Physiological Function of Cochlear Potentials

Once the identity of the audio-electric phenomenon had been
defined, the question immediately arose as to what function, if any, the
potentials subserve in the mechanism of hearing. Davis (91) pointed out
that the magnitude of the cochlear responsse is sufficient to make reason-
able the supposition that the electrical disturbance is responsible for
the excitation of the auditory nerve endings. The hypothesis is supported
by evidence that nerve impulses are never present in the absence of the elsctro-
acoustic response, and that the curve relating the threshold for the latter
to frequency follows the "audibility" curve almost exactly. On the other
hand several other factors are difficult to explain by the electrical
hypothesis, as for instance, the observation that the bases of the hair
cells become electrically positive at the time at which stimulation of the
nerve occurs (92).

If cochlear potentials are not responsible for excitation of the
neural elements of the inner ear, then it is difficult to see what function
they do serve. It is possible, of course, that they are without functional
significance and are merely an epiphenomenon -- & by-product of the processes
responsible for the conversion of sound-waves into nerve impulses. Whatever
the answer to the problem may be, it seems inevitable that the activity of

the auditory nerve must be influenced to a certain extent by the large

alternating currents which are generated in the cochlea.
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The Electrophonic Response

Volta as long ago as 1800 recorded that he heard a bubbling
sound "like the boiling of thick soup" when he passed a direct current
through his ears., Later, Brenner (93) employed this effect of galvanic
current on the ear as a device to evaluate the physiological state of the
auditory nerve. Diagnosis was made according to certain principles
formulated by Brenner as follows: ",., the auditory nerve in health
reacts to galvanic current in a regular manner by distinet sounds at and
during closure of the negative and at the opening of the positive pole;
that these sounds may be whistling, ringing, hissing, singing, humming and
rumbling; that they vary in different individuals and are modified by the
strength and duration of the curreﬁt; that the most frequent is whistling,
which is clear agreeable and musical, and that any departure from these
reactions indicates disease.'

Physiologists and otologists alike were apparently so certain
that the effect depended upon direct stimulation of the nerve by the
applied current, that no further investigation into the mechanism of the
phenomenon was made. It also seems to have lost favor as a diagnostic

device after some twenty years of use for mention of it disappears from the

literature after about 1900. Recently, interest in Brenner's observations

was revived by the discovery that when alternating currents are applied to

the ear the subject hears a tomne corresponding in pitech to the frequency

of the stimulus (94%). It is obvious that this action of alternating

current to produce tonal sensations carries with it many implications

for auditory theory. The immediate inference is that the effect is due to
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a direct stimulation of the cochlear nerve endings, thus affording new
evidence for Rutherford's (27) now discredited "telephone" theory of
piteh analysis. This possibility is strongly contra-indicated however,
by the physiological properties of nerve fibers in general and by the
results of the electrical excitation studies which have been made on the
eighth nerve in particular. The latter have not revealed that the audi-
tory nerve possesses any special characteristices rendering its fibers
capable of conducting the wide range of frequencies (100 - 14,000 eps)
that can be heard with this form of stimulation (95)(96)(97).

The close resemblance between the sensations evoked by A.C.
and by sound stimulation led Kahler and Ruf (98) to investigate the possi-
bility that the electrophonic effect might be due to mechanical oscillations
generated in some part of the external circuit. Their conclusion that
vibrations of the boundary surface between electrode and the ad jacent skin
are responsible for the auditory sensations has not been confirmed by more
rigorous studies. Indeed, in a series of conclusive experiments Gersuni
and Volakhov (99)(100) and Perwitzschky (101) have excluded the following
possible mechanisms as responsible for the electrophonic effect: (i)
vibratory or mechanical forces arising at the electrodes or in any other
part of the external circuit; (ii) volume changes in the fluid forming
part of the electrode in the external auditory meatus; (iii) mechanical
forces acting on the tympanum or ossicles of the middle ear.

The further demonstration that A.C. stimuli cease to be effactive
when the current is prevented from reaching the inner ear (100) indicates

that the electrophonic phenomenon has its origin in some cochlear process.
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But while there does not appear to be a reasonable doubt that the tonal
sensations elicited by electrical stimuli are a result of the action of
the current on certain cochlear structures, there is still considerable
controversy regarding the nature of the mechanisms involved.

Zotterman (23) has suggested that the alternating currents exert
a direct effect on the receptor (i.e. cellular) elements of Corti's organ,
and that the discrimination of frequency is dependent upon the selective
responses of electrically tuned elements within the cochlea, It seems
improbable that the inner ear could contain a set of electrical resonators -
- certainly there is no physical evidence to substantiate the contention.
Nevertheless, Arapova and co-workers (97) in support of the hypothesis cite
their data showing that the intensity of an alternating current stimulus
necessary to produce a tone whose sensation level corresponds to a certain
sound pressure, has a magnitude approximately equal to that of the microphoniec
potential generated in response to such a sound pressure. The logic of the
argument is not apparent for it appears that these data equally support the
alternative hypothesis originally suggested by Perwitzschky (101) that the
electrical energy in some manner sets into vibration those structures of
the inner ear which are normally activated by sound waves. The dynamics of
the supposed conversion of electrical into mechanical energy has not been
adequately defined, but Stevens and others have proposed that the elements
responsible for the production of the audio-electric potentials may, like

other electro-mechenical transducers, be capable of the reverse process.

The problem as to how alternating currents of audio-frequency induce

sensations of tone when applied to the ear is the subject of the first

experimental section of this thesis.



23

SECTION II - THE MECHANISM OF THE ELECTROPHONIC EFFECT

I. THE ELECTROFHONIC RESPONSE TO PHASE REVERSAL

Introduction

Because most of the literature directly concerned with the electro-
phonic phenomenon was briefly discussed in the foregoing introduction, it
will be necessary to review in this section only the material which is per-
tinent to the immediate problem, namely, the nature of the mechanism under-
lying the electrophonic response.

The first report that stimulation of the ear with alternating
currents of audio frequency causes the subject to hear a tone corresponding
in piteh to the frequency of the stimulus was made in 1930 by Jellinek and
Schreiber (9%), Their findings have since been confirmed by Perwitzschky
(101), Kupfer (88), Fromm et al. (22)(23), Gersuni et al. (102) and by
Stevens (96). Five mechanisms have been suggested as possible causes of the
phenomenon: (i) Mechanical vibrations are set up somewhere in the external

circuit, e.g., at the aural electrode; (ii) the conducting system of the

middle ear is set into vibration and hence activates the cochlear fluid in

the usual manner; (iii) the electrical stimulus activates specific cells

of Corti's organ, their location depending upon the frequency of the applied

current; (iv) the electrical stimulus activates the auditory nerve as a
whole, the number of impulses elicited being a function of the A.C. frequency;
(v) the electrical energy of the stimulus is transformed into mechanical

oscillations by some element or elements within the cochlea,
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All but two of the postulated mechanisms have been disqualified
by experimental studies. Thus Perwitzschky (10l) and Gersuni and his
associates (99)(100) have shown that the cause does not lie in any mechanical
artefact occurring in the external circuit, such as vibration of the aural
electrode or of the liquid which surrounds it. A direct effect of the
current on the nerve as a whole cannot‘be the mechanism responsible, for
stimulation of the auditory nerve in the absence of the cochlea produces
a sensation of noise irrespective of the stimulus fregquency employed (103)
(104). Similarly in the normal ear a sensation of noise is perceived when
the intensity of the electrical stimulus is increased beyond a certain level
and the current presumably escapes to and excites the auditory nerve (96).
That the middle ear is not essential to the electrophonic process is evident
from the demonstration that sensations of tone may still be elicited in the
same way when the apparatus of the middle ear has been lost through disease,
immobilized or by-passed by leading the current directly to the round window,

These data dispose of all but two of the original five possible
mechanisms by which alternating current stimuli could induce sensations of
sound when applied to the ear: Thus the alternating current must either
excite a selective region of the neuroepithelium directly or it must be
converted into mechanical energy and thence activate the sensory cells in
the same manner as do sound waves. The experiment now to be described was
designed in an attempt to determine which of these two mechanisms is the one
responsible for the electrophonic phenomenon; but before proceeding with a
deseription of this experiment, a digression should be made to clarify one

factor which otherwise would cause confusion. ZEvidence has been obtained
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by Stevens and his co-workers (105)(106) thet at certain frequencies the
tympanic membrane in some subjects is capable of acting as an electro-
mechanical transducer. The mechanism in this case is an electrostatic
effect occurring between the eardrum and the promontorium of the opposite
wall of the tympanic cavity. This type of mechanism does not reproduce

the frequency of the stimulus cycle for cycle, but obeys a 'square law!';
hence, the subject hears a tone whose pitch is an octave higher than the
frequency of the applied current (105)(107). Since this process has little
or no significance for auditory dynamics as a whole, the writer proposes

that the name electrophonic effect be limited to that mechanism only, whereby

tonal sensations are produced by the action of the alternating current on
the auditory end organ. That this mechanism was the one, and the only one,
under investigation in the following experiments is illustrated by these
factors: (i) The subjects at the frequencies tested always reported an
exact correspondence between stimulus frequency and the pitch of the per-
ceived tone -- a second or higher harmonic was either absent or of small
magnitude; (ii) application of a polarizing current to the ear failed

to alter the character of the response*; (iii) increasing the pressure

on the eardrum through application to it of a high column of fluid did not

diminish the loudness of the sound; (iv) subjects in whom the eardrum

was unilaterally destroyed reported that the stimulus evoked the same type

of tonal sensations whether applied to the normal or to the affected ear,

* When the tonal sensations arise as a result of electro-mechanical trans-
duction at the eardrum, application of a polarizing current to the ear causes
the subject to hear the fundamental rather than the second harmonic of the

stimulating frequency (107).
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Experimental Rationale: The audible effect of an abrupt reversal

in the phase of a pure musical tone has been described by Hartridge (108)
(109) and by Hartshorn (110) as a sudden discontinuity in the sound similar
to the beat produced by two tones slightly out of unison. This effect

Hartridge (111) believed to be due to a silent period produced in the audi-

tory nerve and tracts by the action of the phase reversal upon the responding
structures within the cochlea. He assumed that the basilar membrane behaves
as a sharply tuned resonator and that as a result the abrupt phase reversal
causes the vibrations of that element to die down to zero before building

up in the new phase. The hypothesis is an attractive one, but its basiec
assumpbion that the basilar membrane is undamped is questionable in the
light of the considerable evidence to the contrary. Moreover, an alterna-
tive and equally satisfactory explanation of the effect is possible: To
reverse the phase of an applied harmonic force abruptly without introducing
transients into the system activated is a physical impossibility -- thus

the brief discontinuity hearnin the sound may be a %"line busy% effect
broughﬂabout through a refractoriness of the auditory nerve fibers initiated

by the action of such transients.

The question as to which of these mechanisms is the true one,

although of interest for auditory theory, is irrelsvant to the rationale

of the experiment to be described. The important factor is that in either

case the subjective phenomenon is dependent upon the mechanical events

taking place in the inner ear. It is argued that if the electrophonic

effect is a result of electro-mechanical transduction in the cochlea, then

the audible effect of suddenly reversing the phase of an alternating
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current stimulus should be essentially similar to that produced by a phase
reversal in a tone activating the ear in the usual menner. Conversely, if
mechanical forces are not involved in the process whereby alternating
currents elicit sensations of sound, then a rapid phase change of 180° should
be followed with considerable fidelity, for a direct action of the electrical
current on the hair cells, whether it be to relsase a chemical mediator or

to initiate some physical change within the cells themselves, will not be
accompanied by transisnts nor characterized by anything analagous to

mechanical resonance,

Experimental

Apparatus: Alternating current from a sine wave audio-oscillator

(112) was fed through the simple bridge type phase changing device shown in
Fig. 1A,

The variable resistance Rl is large with respect to ry and Ty-
Thus the input voltage Vi is practically independent of the impedance changes
due to variation of the value of R,. The impedance of the grid input ampli-
fier can be considered as infinite when compared with the resistances of the
network. A vector analysis of the circuit is shown 12 Fig. 1B.

The input current I_ flowing through C and Rl gives rise to the

2

i i 1 another. The
voltage drops IoX, and I2R1 which are at right angles to one

output voltage Vé is then the vector voltage appearing between the junction
of IoRy and IX, and the junetion of Iyr; and IjTy.

If the variable resistance R2 is ad justed so that ry = ro then

V, will be equal to v,/2.



Circuit diagram and vector analysis of the

phase-changing bridge.

Figure 1A.
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When Rl = O the input impedance is R2 shunted by the capacitive
reactance X,, and when Rl is maximum the input impedance is very nearly
Ro shunted by R,. As C is constant the point P will describe a semi-
circle having the radius Vl/2 as the value of Rl is varied from zero to
its maximum,

The output of the bridge was led to the grid input of a resistance-
capacity coupled amplifer and the high impedance output of the latter applied
to the subject by means of electrodes placed in the external auditory meatus
and neck muscles,

Procedure: Three human subjects were empnloyed. The external

auditory canal was cleared of wax and filled with a normal salt solution,
Into the fluid was placed a short brass electrode which pro jected from a
plaster mould fitting tightly into the opening of the meatus. An indifferent

electrode, a hypodermic needle, was inserted subcutaneously into the neck

or forearm of the sub ject.

When the subject reported that he heard the tone, a short period
was allowed to elapse so as to familiarize him with the sound; the the phase
was quickly reversed without his knowledge. Each subject was tested separately

and each was instructed to report exactly what he heard; no indication of

what he might expect to hear was given. Four frequencies, 600, 800, 1,000
and 1,200 cps were presented to each subject and a change of phase produced

at each frequency -- several trials were made for each tons.

Results

At all frequencies, and at each trial, the sub jects experienced
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the same phenomenon; typical of their reactions to the phase change are
the statements which follow:

Sy reported that he heard a sudden brief period of ‘silence
followed by a Wsurge® of the sound as it returned.

S2 said that he heard "a sudden stop in the sound and then it
rushed back.¥

83 reported "a sudden break in the tone and then it came back
louder.M

In order to verify these impressions, each subject was asked to
compare what he had heard with an abrupt phase change produced in a head-
phone. All three reported that the effect was essentially the same except
for the presence of a click which is always heard with the headphone and

which is due to transients arising at the diaphram.

Discussion

The rationale upon which this experiment is based is by no means
unassailable., If the action of the electrical stimulus to produce tonal
sensations depended upon a direct effect of the current upon localized
cells of Corti's organ it would be necessary for the inner ear to contain
a series of tuned impedance networks to direct the alternating current
according to its frequency to corresponding regions of the neuroepithelium.
Now if these hypothetical networks were sharply tuned, then applying
Hartridge'!s theory of the phase-beat, it may be claimed that the discon-
tinuity heard when the phase of an electrical stimulus is abruptly reversed

is a result of a momentary arrest of current flow brought about by the
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opposition of the persisting counter-forece in the circuit to the new out-
of-phase applied force. The conditions then would be analagous to those
of a lightly damped mechanical system at resonance, but there is no
morphological evidence for the presence of electrically tuned elements
within the cochlea, and furthermore, the experiments which are next to be
described when considered in relation to the data discussed here provide
final evidence that such a mechanism is not involved in hearing by

electrical stimulation.
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II. THE INTERACTION OF ELECTRICAL AND MECHANICAL STIMULI

Introduction

Beats produced by the interaction of an electrical stimulus and
an air-borne sound have been observed by Barany (113), Gersuni and
Volakhov (95), and by Jones et al, (106). ERach one of thess authors com-
mented on the possibility that such an interaction could be construed as
evidence favoring the movement hypothesis of the electrophonic effsct,
but none of them made a special study of the phenomenon and all fail to
point out that the interference of two harmonic motions as illustrated
by the pattern of cancellation and reinforcement known as beats, cannot
ocecur unless these motions involve the same process and the same system.
If the two applied forces activated separate and distinct receptor elements,
a pattern of interference could not arise; nor could two different forms
of energy interact in this manner. It is inconceivable, for example, that

the observed beats could arise as a result of a reciprocal action of

mechanical and electrical energy; either two mechanical or two electrical

forces must be responsible.

The simple demonstration that beats may be heard when an elsctrical
and an air-borne stimulus are applied to the ear is not in itself proof that
the alternating current is transformed into mechanical oscillations in the

cochlea, for it is contingent that an interaction between the appliad

current and the cochlear microphonic potentials generated by the sound could

result in the production of beats. In this event, however, it would be

necessary for cochlear microphonics to be essential to the process whereby
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impulses in the auditory nerve are initiated, and for a transient inter-
ference with their action to cause g momentary remission of nerve impulse
formation.

The first experiment described hereunder was undertaken in the
hope that further study of the beats observed with coincident A.C. and

sound stimulation would provide some clue as to their nature,

Experimental

Apparatus: Twin oscillators of the resistance-capacity type used
in the first experiment were employed. The electrodes originally used were
found to be unsatisfactory and a new and better system was adopted. The
aural electrode consisted of a length of heavy silver wire enclosed in
rubber tubing which projected about two millimeters beyond the end of the
metal, thus preventing the latter from making contact with the skin of the

meatus. The external auditory meatus was filled with warm Ringer solution

and the aural electrode placed therein. An indifferent electrode, a small

silver plate, was attached to the forearm, the skin having been previously

prepared with electrode jelly of the type usually employed in electro-

cardiography.
Electrical stimuli were applied to the ear from one oscillator

by means of the electrodes just described. In addition, the output of

the second oscillator was coupled through an amplifier to the voice coil

of an eight-inch permanent magnet dynamic speaker. The latter was attached

to the end of a flexible steel shaft in such a manner that it could be

ad justed to hang directly over the subject's head about one inch above the

pinna.
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The hearing loss for air-borne stimuli resulting from the
presence of the fluid mass in the auditory meatus was found to be betwsen
30 and 40 db at 500 cps. DBecause it was necessary to employ therefore,
sounds of relatively high intensity, there was a constant possibility
that stimulation of the contralateral ear would occur. To avoid this a
masking sound from a vacuum tube noise generator was conducted to this
ear through a rubber-cushioned headphone held tightly over the meatus.

The masking sound had a noise level with respect to the threshold of the
opposite ear of approximately 10 db and was of the random or thermal noise
type employed as standard practise in clinical audiometry.

Procedure and Results: When a test was to be made the oscillator

supplying the electrical stimulus was ad justed to a given frequency and the
subject allowed time to accustom himself to the sound. An air-borne tone

differing in frequency from the A.C. stimulus by several cycles was then

conducted to the same ear.

In response to this dual stimulation, all sub jects reported that

they heard beats, the frequency of which corresponded with the difference

in frequency of the two sources.

The phenomenon known as negative masking was also reproducable

with this type of dual stimulation. Thus two stimuli of slightly different

frequency, each of which was below threshold when applied singly, produced

audible beats when sounded together.
Finally the two oscillators supplying the stimuli were ad justed

a *
so that their outputs were of identical frequency, phase and loudness.

* Sensation level.
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The frequency of one of the two stimuli was then either decreased or
increased slowly. As the difference between the two frequencies was
gradually increased from zero, three successive changes in the resultant
sensation were observed. First, the sensation was of slow rhythmic surges
in the loudness of the perceived sound, then this gradually changed to a
series of rapid beats, and finally to a rough but seemingly continuous
tone,

HBach of these stages may similarly be distinguished when the
stimuli are both mechanical. Thus the classical description (11Y4) of the
succession of psychological qualities which are experienced when the beats
are produced by the interaction of two air-borne sounds equally applies to

the case where the beats arise through the interaction of an electrical

and a mechanical stimulus.
Discussion

It will be recalled that in the first experiment of this series
it was found that the electrophonic response to a phase reversal is
characterized by an apparent discontinuity in the sound. It was pointed

out that this silent period could be explained by assuming that the ear

contained a set of electrically tuned resonators whose damping factor is

so low that they are incapable of following an abrupt phase reversal faith-

i .C. i ation
fully. Now in order for the beats heard with dual sound and A.C. stimulati

to arise through the interaction of the electrical stimulus with the micro-

phonic potentials generated by the sound, the current would necessarily

have to be the agent responsible for the initiation of impulses in the
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auditory nerve.* For this to be SO, the ear must contain a seriss of
electrical impedance networks to direct the applied current to the zone
of the neuroepithelium where the nerve fibers responsible for the
mediation of the particular frequency of the Stimulus are located. But
as the first experiment demonstrated, such networks, if they exist at
all, must be so sharply tuned as to be incapable of following a rapid
phase change of 140°. Such a highly resonant system would tend to obey
Ohm's acoustical law and therefore analyse an impinging wave into its
component frequencies regardless of their phase relations. But beats
are heard when two tones of nearly the same frequency are delivered to
the ear because the two frequencies force into vibration overlapping areas
of the basilar membrane.

If the basilar membrane were sharply tuned, a pattern of inter-
ference and the resultant alternating periods of cancellation and rein-
forcement could not eventuate, for as mentioned elsewhere, interaction of
two harmonic motions cannot occur unless both forces actuate the same
system. When an element is sharply tuned, forced activation by off-
resonant vibrations can take place but only at relatively high intensities,
Therefore, the fact that the succession of psychological qualities dis-
tinguished in the perceived sound when the difference between the frequencies
of en electrical and a mechanical stimulus is gradually increased from zero
* QOtherwise interference with their action would not be accompanied by a

resulting psychological event. Evidence that the microphonic potentié}il
are not the physiological agent of stimulation of the auditory nerve wi

be presented in a subsequent section of this thesis.
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is similar to that distinguished when this procecedure is carried out with
two mechanical stimuli seems to indicate that the same mechanism is re-
sponsible for the production of the sensations in both instanees. Further-
more, apart from the negatory data which these experiments afford, there

is also a very great practical contradiction to the tuned circuit theory

of the electrophonic effect. In order to achieve a resonant circuit at
frequencies as low as 150 cps, the capacitive and inductive elements or
their equivalents must of necessity be of very large physical magnitude.
Thus, unless the cellular analogues of capacitive and inductive reactance
have characteristics which are not found in any other known type of physical
system, it is impossible that the required series of electrical resonators

could exist within the narrow confines of the inner ear.
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III, MUTUAL CANCZLLATION OF ELECTRICAL AND MECHANICAL STIWJLI

Introduction

Taking into consideration the fact that beats may sometimes
be heard when two air-borne tones of slightly different frequency are
applied to, and restricted to contralateral ears, it may be suggested
that the interference of electrical and mechanical stimuli may arise
in nervous centers after both have been converted into nerve impulses.
In reply to this possible suggestion it is pertinent to cite the facts
that synchronization of impulses in the auditory pathways, a circumstance
essential to the phenomenon of nervous interference, never exceeds 1,200 cps,
and that binaural beats cannot be heard when the stimulating frequencies are
higher than 800 cps. The possibility then that the beats are of central
origin is quite remote and the experiment to be described clearly con-

traindicates such a process and provides further evidence for the movement

theory of the elsctrophonic effect.

Experimental

The apparatus was arranged in the manner indicated in Fig. 2.
The oscillators, amplifiers and phase bridge have already been described.

The Lissajous figure produced on the screen of the oscilloscope
by the interaction of the voltages applied to the horizontal and vertical

plates provided a direct means of determining the phase relations of the

two stimuli.

A ginusoidal current of fixed fregquency was first applied to the
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Figure 2. The apparatus arrangement for Experiment 3.
The Lissajous figure produced on the screen of the oscill-
oscope by the interaction of the voltages applied to the
horizontal and vertical plates provided a direct means of
determining the phase relations of the two stimmli.
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ear by way of ths electrodss arranged for the purpose. After a short
period during which ths subject was given time to accustom himself to
the tone so produced, an air-borne sound of similar frequency and loud-
ness and in phase with the electrical stimulus was applied to the
ipsilateral ear via the loud speaker.

An increase in the intensity of the sensation was observed by
all subjects on presentation of the second stimulus. When, however, the
two stimuli wers of identical frequency and loudness but differed in phase
by lSOo, each subject reported that he no longer heard any sound. Increase
or decrease in the intensity of either stimulus, however, resulted in the

return of the tone.
Discussion

When two harmonic motions of similar frequency and moving in the
same direction set up travelling waves in a system, the resultant wave is
simply the sum of the amplitudes of the separate waves. If these waves

are in phase then the resultant wave will be greater than that of either

of the activating waves. On the other hand, if there is any difference in

phase then the resultant wave will be smaller than the larger of the two

applied waves,

It follows that two harmonic forces of similar frequency, direction
and magnitude will completely cancel one another if they differ in phase

by 180o Such a pattern of interference cannot however be produced unless

the alternating forces actuate the same system.

As the observed variations in the degree of cancellation with
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changes in phase or intensity cannot be explained on a neural basis,
it must be concluded that the electrophonic effect involves a trans-
duction of electrical into mechanical energy, and that this energy

activates the basilar membrane in the usual manner.
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IV. RELATION OF THY ELECTROPHONIC EFFECT TO COCHLFAR

MICROPHONIC POTENTIALS

Introduction

Reference to the review of the literature at the beginning of
this thesis will reveal that the experimental evidence strongly favors
the view that the cochlear microphonic potentials are generated by the
hair cells of Corti's organ. Of the possible mechanisms by which such
potentials could be generated by these cells, the piezoelectric effect
seems to fit the facts best. The demonstration that the auditory sen-
sations elicited by alternating current depend upon a transformation of
the electricsl stimulus into mechanical oscillations in the cochlea
accords well with the latter hypothesis, for a characteristic of the
piezoelectric phenomenon is its reversibility. Thus a quartz crystal or
any other piezozlectric element when subjected to mechanical torsion
develops a difference of potential along its structural axes, and con-
versely will undergo mechenical torsion when placed in an electric "ield.
There is, however, one set of experimental dates which seems to spoil this

theoretical picture by contradicting the association of aural microphonics

and the hair cells of Corti's organ. Hallpike and his associates (90)(115)

(116) have found that whereas the response of the auditory tracts to an
abrupt phase reversal in a continuous tone is a "well-marked silsent period.
the cochlear response follows the phase change with considerable fidelity.

Because the potentials recorded from the cochlea follow the phase change

and those recorded from the nerve pathways do not, the authors conclude
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that the element responsible for the initiation of auditory nerve
impulses (i.e. the basilar membrane and its associated neuroevithelium)
cannot be the same structure as that responsible for the generation of
the microphonic potentials.

The question is, does this difference, as Hallpike and his
associates claim, prove incontrovertably that the structure from which
the cochlear potentials arise is not the same as that from which the nerve
impulses are initiated, or is it merely an expression of the fact that the
two types of potential differ markedly from each other in character and in
the mechanism by which they are generated. Obviously either possibility

could be correct.

An abrupt phase change of 180° in a continuous tone is mathematically
equivalent to initiating in the opposite direction a train of waves of similar
frequency but twice the amplitude of the original tone.* Hence, Hallpike

et al. argue, the silent period observed in the auditory tracts results from

a transient arrest of the resonant structures of the inner ear brought about
by the opposition of the new force to the after-swings due to resonance,
The aural microphonics on the other hand must, they calim, be produced by

an element which is critically damped, for they follow the phase change

without evidence of any bresk in their continuity.

In discussing the results of the first experiment of this section

it was remarked that a reasonable interpretation of the phase change beat

can be made without postulating the presence of a sharply resonant element

* The theoretical basis for this statement will be discussed at the close

of this section.
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within the inner ear. An experiment was devised therefore to test the

validity of the assumption of Hallpike and his associates that the phase

change beat is a consequence of the résonant properties of the basilar

membrane.

Experimental *

Procedure and Results: Two tones, A and B, approximately equal

in frequency were presented simultaneously to the same ear. The oscillators
supplying the tones were then ad justed so that the frequency difference was
either (i) so great that their interference pattern produced a sensation of
roughness in the perceived sound or (ii) so small that the periodic fluctu-
ations could not possibly be confused with the phase change beat. The phase
of one of the two stimuli, e.g. A, was then abruptly reversed.

Now if the basilar membrane is a highly resonant structure, that
part of the membrane which is resonating in response to A should undergo a
temporary arrest and the sensation of this tone should mementarily cease,
Conversely, the vibration of the adjacent areas of the membrane which are

just off resonance with respect to tone A should be facilitated by the phase

reversal and hence tone B should actually increase in loudness. Apparently

this does not occur for not one of the subjects tested reported such an

experience and all agreed they were still able to distinguish the phase

change beat; this in spite of the fact that they were being subjected to

two distinet and simulteneously presented sounds.

* The theory of this experiment will be presented in a mathematical
analysis at the conclusion of this section.



Discussion

The mathematical and theoretical considerations on whieh this
experiment is based are quite complex,but they can be illustrated adequately
by a simple practical demonstration: If two vibration galvanometers are
tuned so that one is resonant and the other just off resonance to an applied
alternating currsnt of fixed frequency, a sharp phase reversal causes the
oscillations of the string of the resonant instrument to diminish almost
to zero and then build up to normal size in the opposite phase; the
oscillations of the non-resonant string, on the contrary, 4o not diminish
but are temporarily incremented by the change.

If the basilar membrane were a highly tuned element as Hallpike
8t _al. claim to show, then it should be subject to analogous processes:
thus the vibrations of that part of thec membrane resonant to the phase-
reversed tone should momentarily die down to zero while the vibrations of
the ad jacent parts of the membrane which are off resonance should be
increased in magnitude. This in turn should result in a decrease in the

loudness of one tone and a corresponding increase in the loudness of the

other.

Theoretical Analysis

Hartridge (108) was the first investigator to conceive the
ingenious idea of employing the subjective response to a phase change of

120° in a continuous musical tone as a measure of the resonant properties

of the responding structures of the inner ear. His premise was that if the

bagilar membrane is sharply tuned as demanded by classical theory, an abrupt
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phase reversal should be heard as a momentary discontinuity in the sound
due to a transient interruption in the vibrations of that element brought
about as a result of the opposition of the force in the new phase to the
after-swings due to resonance. But this argument fails to take into con-
sideration the fact that the basilar membrane is not a single resonator but
a series of resonators, and that the off-tune areas of the membrane on either
side of the zone resonant to the stimulating frequency must also be affected
by the phase change. It can be shown that the oscillations of these areas
will be augmented at the time of the phase reversal and that this augmenta-
tion is greatest when tuning is sharpest (damping factor small), and least
when tuning is dull. Accordingly, a silent period would not be a necessary
consequence of a sudden reversal of phase in a continuous tone even if the
responding elements were completely undamped, for while it is true that
the vibrations of the 'in tune'! area of the basilar woulé undergo a transient
diminution, a concomitant and élmost proportional increase in the vibrations
of the ad jacent off-resonant areas would also occur., Thus the subjective
result of the phase change should be that the sensation of the stimulating
tone would be replaced momentarily by the sensation produced by the aug-
mentation of the vibrations of the ad jacent zones of the neurocepithelium,
The explanation of the apparent transient interruption which is often heard
when the phase of a continuous musical tone is suddenly changed by'TT'
must therefore be sought elsewhere, perhaps in some nervous process.

The objection to Hartridge's premise does not lie in the fact that
he considers the basilar membrane a resonant structure -- some form of

tuning is necessary in order for the now accepted place theory of pitch
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analysis to be valid - butbt ©ith Lis Insistence that the subjective shuse

chan;: beat is proof that thie mentrens is ouly very 1l htly douped, Tois

point nay be 1llustrated by an v, pro;viate set of Jifferentiial syustions
wihich descrile the events whichi must tulze place in a structure composed
of ar 'infinite! sc.ies of resonators when it is subjected to a s.dlzu

ol

reversal of jphase in a continucus sinuscldal forces of Ilxted freque.izy.
Let the sxternal sinuscidal force acting on the system Le
represented by F(»bf’t vil.ere F is the waxi... value of tae force of

freguency -f/.??f . T:.: equation of .iotion of the res: criing elzucnt of

massfis given ovy:

2
m% 7"_5?_’9 + bx = F/Coéf[ (2)
d

where .s the resistance per unit velocity and this restoring force
Sy 2 oA =-£
per unit Jiszlacement. ‘Triting A/ma = 7, f/m = fu“ ?"/z-»»

equation (1) becomes:

Sammm—

> 3
dx 4 akdx 4 ot = f ettt N
oA T* At
asooing = Co'&(ft-'é .0 Writing Cod ftz Cob{f-*(ft"f—)} .
2 . t-— -
cubst: bution in (2) sislis: a (W )m(f»t—e)—-.z*éfaa,,zwwq» €)

_fmg. Coé(ft"i)‘.- A(;;i.
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As equation (3) nust be true for all values of T, the coefficiewnts
B t—'
of Am(f’ f.) and of m(;bt-e) 18y be equated to obtiin:

(w4 = /'{me
andez‘,é/aa= 7@we ()

whence a = i Qi €
y4

2
and Aaw s = .z"é_zf (5)*

¥3 2
m—,‘é

The displacement ¢ is therefors given by

X=_fome  goa(pT-E)
2k p

and the amplitude 4 as given in equation (5) may be written

- (7)

Q= 2 2%
{{m:._f’z)i:,_#%‘_f}:-

* It should be noted that equction (4) and (5) reveal that Aew g is
always positive but that Ces € may be either positive or megative

depending upon whether v is gresater or less than'ﬁ o Therelore the auzle
lies between o Mﬁ/; when the frequency of the force —ﬁ» is less than

the natural frequency - and betwecen Tf/z and 7 when the forced frzgisucy
is greater than2v . If the damping is small the lag € will be nearly equal
to 6 or o whichever the case may be. At resonance wheu € becciias
infinite €=1f/2. the force and +*he displacement differ in phase by 90° zxd
the force and the velocity are in phase. Thus with no damping, as the
frequency of the force passes through resonance, the phase suddcutly reverses
from o to # . When there is damping however, t:ils phase change is less

abrupt.
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Bquation (6) ripresents tle steacs g "
I w18 stealy sLute., Mya Srasslent state will

be ziven b, thz scluti-g, of

2
CL.I- dm
LT AT .
<
The equation of indice:s is /mf+,2% Vs +m2.= 0 ()

R Uy VP

which 7ields ¢ ¢
m -
x=fe "+ Be ™

Ll R 2t (-R-9/%2.0)C
=fle + Be

= e"ﬁt( Hem+ BC—W

h) z V
If%<% then ~wv 1S i il

Tt —/Ex’ /0"60 whsre &) is reul (10]
x = c-'kf(,qe{w'ff Be““’a
= €~£24(mmt+ £ cow @T)+ Bgc”“’f—wwtﬂ
- e, wem it + G auw il |
¢, = H+8 C,= < (A-B)

Zyattion (11) 1ay also te put in the form

Z N3 -‘k'(' Cy t C ] t'
x:#q +C—‘l e ﬁ);mw +’M~c_;:':a;/ %N—]
Lot Yok =7 awe Gfc, = Lamy

xx Ve Heoof comal 4 oy em ]
= Ye géicoo (e ‘7)

T us the complete solution of tlr fuulwisutil equstion (2) is tis sua




of (&) and (L)
-kt -
X = Q Coo(pl-€) +€ [¢, et +C, wwt_] (22)

... resonance N = &= 77'/.:. and Lo, € = oo

If t_.e resonator sturt fror rest l.e. &b To xXx=o oad dx <o

we Ly evaluate C,-fcz

. _ &t .
O:-%- wao—f-e @,Crvoo +C’2@o~4}—a—7
p
0 = O‘f’/ EI*OJ

. C, =0
diffzrentiatiz, -guatioa (i)
é £t -
4_:5 - w?t—%e CICo@A)t.-/'CLM‘JJ
ot - -/—e_kZAJC,a;—wa +w0( ‘0’“’(-_7

£+ _# c,+0 [+wCs

- ':i‘t -e’#['_—% QU w‘(’j (a2

x = :;%f [1—8%{;7 @i T (12
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To determine the response of a resonant mechanical system
when the phase of the forcing frequency is changed instantansously by
lSO0 let it be assumed that the change takes place fa seconds after the
displacement X reaches its maximum. It will also be assumed that the
steady state has been reached and the resonator is vibrating in a manner
described by the equation: & = a Qoo (ft—e)

The new force will then = jm(-/af'-f?&z; + 77) where £ is
measured from the time of the phase changse.

The new differential equation then will be

dx |, ahde 4> _ """"Cf’t'ft‘)
** “ (17)

But now the initial conditions (i.e. at &£, ) are those which may be

found from the equations

T = o Mv('f’t,-z’.) at T=T,

ool (18)

Ln o op ain ($Tom) T E=Es
olt
From substitution in (13) the solution to (17) is

(19)

At -
o0 = — 0 oo (:f,f'.;{;'to—i)—r e (C, Cavm'('-}-C:th) (20)

at /Co (20) becomes equal 1o (18)

t -
x = - & m(ff,-—a).;-cl = @ cao(;ba €D
. C, = 2o coo (FL-€)

* The "M which appears in egquation (17) is not the same as that‘ which
appears in (18) and (19) because in (17) € is measured from ths

ijnstant of the phase change.
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Differentiating (18) and putting L=o

) /oa, e (po—g)- %C,+ wCy = ~ap aw(pt,-€)
= - 2ap @ ($T,~£) +%C,

35 [ oo ($5 ) = i (pe)]
Substituting for C,+Cyin (20)
% = —a cou ($E+ fto-g)-f-iae;brgvv(fc-é) coo Wl
5 fhev (ptime) ~p o (FT-)] einal ] (21)

This expression gives the general form of a wave produced by a damped
mechanical system when the phase of the driving force is changed instan-
taneously by 1800, providing that the system was vibrating hefore the
change with a constant amplitude a, and that the damping was less than

critical.
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SICTICH IIT - OBSERVATICIIS Oli CERTATI Wil T4 LISUCIATTD T .2

ELECTRICAL ACTIVITY OF "™ COOTT A, Al 7 T.T JIMITCTY 173373

I. I."TRODUCTICIT AND rRCCZDURE

After the discovery of the Tever-2ray effect in 1770, clii-
siderable interest iras uroused in the electrical phenomena of the
acoustic system, and in succeedingz years :szay papsrs concerniiy this
subject were published. Apart fron the investigatlons r2lzted to tie
probler of origin and production of’the electrical currents (discussed

in Section I), the work which has been carried out in the field &y be

divided into three broad classifications:- (i) Tuylogenetic studizs;

=

insects (117) (118) (119) (120) (121), aiphibia (122) {(123) ( 124) ( 129),
reptilas (125) ( 126), birds (127), meeiels (128) (12%) (see &lso stilies
on cat, dog, guinea pig, OoposSsun and rat listed in introductory section),

and man (130); (ii) Studies concerned 'with the funetional characteristics

of the auditory apparatus: eardrum (131) (1%32), ossicular and bone con-

duction (131) (133) (17%) (135), tympanic muscles (1) (z7) @ze) @32),

and inner ear pressure (145) (146);* (iii) Studies directly concerwad

with the characteristics of the electrical manifestations themselves (13)

(37) (h8).

[

* All of tais work las been critically reviewed in three papsrs by the
author of this tussis (LH7) (144) (149), and only the data pertinsut
to the problems with wich this report is concernsd 11l be re-

discussed here.
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It is the latter aspect of the problem which has received the
least attention, being the objsct of direct st1ly in 6nly three reports,
Because of this, and because all of the vork concerned with the fundarental
characteristics of the potenticls sencrated Ly the auditory apparatus
has originated in the sare laberotory, it was thou:lit that an extensive
re-investigation of this particular aspect of auditory phy:siology woulil

be profitable,

Operative Technic

In order to record sirultaneously the potentials arisin:s in
the cochlea and in the auditory nerve it was necessary to devise an
operation whereby both of these structures could be exposed adequately
for the placement of recording electrodes. Dissections of ths field
showed that the most satisfactory approach would be from tliz side ol the
head, and after several different operative procedures had been tried,
it was found that the structur=zs in gussticn cculd be exposed with the

least loss of blood when the operation was carried out in the followiag

manner: After the head a..d neck had been shaved the wrinals were

anesthetized with nembutal, 0.6 c.c. per kilogram of body weight, or in

most instances with 3 c.c. per kilozrem of chloralose-ursthane solution.*

* Two decerebrate preparations werz tried but the extra operative pro-
cedure appeared to counterbalance any advantage gained by lack of
anesthesia, and it was decided to ccntinue the use of either unsubatal
or chloralose-urethane. The latter agent seemed to give the bsst
recsults and was used in eighteen of the thirty-two exreriments

performed. Cats were used througiout.



A tracheal cannula was inserted and the carotids tiad bileterally
approximately at the level of the thyroid cartilage. The animal vias

then turned onto its ventral side, :ud ths head placsi in a holder,

A long incision following the central suture of the skull was ma’c

from the bridge of the nose to the level of the spins of the second
cervical vertebra. The skin on the sidz of the face nearest the operstor
was loosened from the underlyinz fascia and a skin ine’sion made in a -ride
semicircle beginning at tle second cervical vertebra rassing about one-
quarter of an inch below tle pinna and ending at trs beginning of thz
first incision. The vinna with the attached skin and platyzia was theu
cut away leaving a short tube of the cartilaginous portion of the exier-
nal auditory meatus projecting from the teuporal bone. "ith blunt
dissection the temporal muscle was freed from its insertion at the
cranium and pushed back frcm ths zygomatic arch. Tue neck muscles

which insert into the lamboidal ridge were freed from the bone on the

side of the operation and blunt dissection continued laterally following

tiie muscles

ani

the ridge until the bulla was completely exposed., Freeiug
at the point of their insertion in this manner permitted the necessary
bony areas to be cleared without cutting thrcugh fleshy tissue, and it
was possible therefore to keep bleeding at a riinimau,

The round window of the cochlea was zxposed by cutting avay

the ventral wall of the tympanic bulla as far as the intratympanic

septum. The auditory nerve was approacted by ualting ean opsning in the

. . SR
skull about one centirceter wide by one and one-alf centiict

310wl

having for its approximate center the point waisre the squanous-te..}
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parietal and occipital bones converge. Bleeding from the cut edges of
the opening was checked by quickly packing wax between the inner and
outer bone-tables and by gently Squeezing the latter togesther. A cross-
cut was made in the dura mater and the flaps laid back and excissd. The
portion of the cerebellum overlying the auditory nerve was then carefully
sucked away with the aid of a suction pump extension, and finally thin
strips of synthetic fibrin-foam soaked in thrombin* applied to the cut

surface of the brain.

Aggaratus

Following the operation the animal's head was placed in a specially
designed holder which maintained the head in a suitable position for
recording and at the same time did not obstruct the auditory meatus, the
round window, or the opening in the skull. The tonal stimuli were con-
ducted to the ear by means of a length of three-quarter inch rubber hose,

the opening of which was placed approximately one-quarter of an inch from

the external auditory canal. The stimuli were generated by a dynamic

diaphragm type speaker actuated by a Hewlett-Packard 205AG resistance-

capacity oscillator. In some experiments in which click stimuli were

also employed, a thyratron stimulator was used to deliver brief square-

wave impulses to a second dynamic speaker. In these experiments the

rubber tubes carrying the sound outputs of the two speakers were connected

* TFibrin foam and thrombin (Human) Eli Lilly & Co.
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by means of a Y-tube to a third length of tubing which carried the

sounds into the shielded room where the animal preparation was kept.

Recording Electrodes: A simple metal clip or a silver plate

attached to the neck muscles, and a hook of silver wire fixed into the
lip of the round window niche served to pick up potentials of cochlear
origin,

The nerve potentials were picked up by a new type of co-axial
electrode especially designed for the purpose. A photograrth of the com-~
plete electrode is shown in Figure ¢ . The method of its comstruction is
as follows: Thin walled Pyrex glass tubing of small bore was pulled into
a very fine capillary and No. W4 gauge silver wire threaded through it
under a dissection microscope or magnifying glass. The capillary was then
threaded through a No. 26 gauge hypodermic needle, the hub of which had
been previously made round and threaded to take a brass holder (2 in.
diagram).

The hub and barrel of the needle were then filled with melted
beeswax and when the wex had hardened the part of the capillary and its
contained wire projecting from the tip of the needle were ground down

flush with the needle orifice by applying it to a rapidly rotating rubber-

ized-emery wheel., As a result of this procedure the end of the central

electrode was cut at a slightly oblique angle and consequently the

diameter of its exposed surface was a little greater than that of the

cross section of the wire (approximately g0 microns).

The component parts of the co-axial electrode are illustrated

in the photograph of Figure 10 and in the drawing of Figure 11, er
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explanation of which is given herewith:

(1) Hypodermic needle, 26 gauge, lugs turned off and the hub
threaded No.l B.A.

(2) Holder: Made from 3/8" solid brass turned down 1/4" 0.D.
for a length of 1". The remaining unturned quarter-inch
of the holder barrel is threaded 3/&" x 24 T.P.I. to receive
the cap (4). The barrel is drilled right through its length
with @ No. 16 drill and the smaller end tapped No, 1 B.A. to
receive the threaded hub of the hypodermic needle (1). The
larger 3/&" diameter end of the holder is recessed and tapped
to receive an ebonite plug. Through the center of the ebonite
plug a No.8 B.A, brass screw is tightly screwed with the head
turned off flush with the ebonite. A small hole No.75 B.S. is
drilled throush the length of the screw to receive the central
electrode-wire which is finally soldered to the screw head.

(3) A recessed brass plug, drilled through and tapped at the recessed
end No.3 B.A, to hold in place a tightly fitting ebonite plug
which completely fills the recess. Through the center of this
ebonite plug a No.& B.A. screw is inserted so that the screw~
head is flush with the ebonite. The screw is drilled through
to receive the central wire of the shielded cable which serves
to connect the electrode with the amplifier. The braided wire
shield of the cable is used as the ground lead to the amplifier
and is attached to the electrode by soldering it into the
tubular shaft of the brass plug.

(4) Brass knurled cap threaded internally 3/8" x 24 T.P.I. The cap
is screwed to the holder and clamps together the central con-

tacts of the two ebonite plugs. This system maxes it possible
to change the electrode lead without moving the needle from

its position in the nerve.

The head-holder employed)permitted ad justment in three planes,
and it was therefore possible to place the animal's head in any position
necessary to facilitate an unobstructed approach to nerve and cochlea.
The co-axial electrode was guided by means of a micromanipulator, and as

the latter was attached to the same base as the head-holder, any movement

of the electrode relative to the nerve was prevented once the final

setting had been made.
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The electrical responses of nerve and cochlea were amplified
by means of a four stage capacity-coupled preamplifier, and observered
on the screen of a cathode-ray oscilloscope (Dumont). For purvoses of
recording, a second two stage power amplifier was employed in order to
obtain sufficient output to drive a loop-type galvanometer (General
Tectric). The excursions of the galvanometer mirror were photographed
with a variable speed camera (Hindle) on moving bromide paper. The
galvanometer used had a natural frequency of 5000 cps and a damping

factor approximately 65 per cent critical.
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II. EQUILIBRATION IN T:I% AUDITORY NIRVE

Introduction

In all the experiments carried out with the technics
described in the foregoing section, it was observed that the audi-
tory nerve action potentials do not maiantain a constant amplitude
at maximal intensitiss of stimulation, but diminish duringz the first
for seconds to a much smaller size. The photographic record of
Figure 12 shows a typical response of the auditory nerve to a tone of
600 cps. Note that, while the potentials were relatively larze at
the onset of the tone, a rapid decrease to approximately 25 per cent
of the initial amplitude took place during the first two seconds of
stimulation, almost 65 per cent of this diminution being complste
within the first second. Followin: this rapid decline the action
potentials usually continue to shrink in size for a period of from
four to five minutes before a constant or equilibrium level is
reached, but this shrinkazs is of relatively small dezree and amounts
to a 10 to 15 per cent further reduction of response heisht.

This phenomenon*, a rapid then a slow declin:s in the
amplitude of successive impulses in a continuous sensory nerve dis-

charge, had been described before by Derbyshire and Davis (37) in the

* Hereafter referred to as equilibration, a name waich was first
applied to this phenomenon by Derbyshire and his associstes be-
cause of its theoretical significzuce (ses above).



Figure 12. ZEquilibration of the auditory nerve
action potentials elicited by an intense
tone of 600 cps. The stimulus did not reach
full intensity for several cycles, and for
this reason the initial potentials are not
as large as they would otherwise have been.
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auditory nerve of the cat and by Pumphrey and Rawdon-Smith(120) in the
cercal naerve of the cockroach. Davis and his co-woriers attributed
the effect to a fatigue brought about by failure of the nerve fibers
to recover fully after each impulse. They pointed out that each
individual sound wave in a wave train rnust constitute a senzrate and
discrete stimulus, and that tonal stimulstion at frequencies above

250 cps must therefore cause the fibers to respond at such a rapid
rate that the period between successive impulses is insufficient

for full recovery to occur.

Theoretical Devselopment of Derbyshire and Davis' Hypothesis

As long ago as 1891 Pfliger (150) presented evidence that the
responsiveness of & nerve may be markedly influencedby prsviouis activity,
and it is now well established that following a period of prolonged
high frequency tetanization, the action potential of the nerve is
reduced in size (151) (152) (153) (15%), th2 conduction rate slowed (15%)
(156) (157) (158) (159) (160), the refractory period prolonged (161)

(162) and the excitability deprazssad (163) (164) (165) (166). Howsver,
most of the exveriments in which these effects were observed involved
frequencies of stimulation far in excess of the fastest rate at waich
single fibers are known to fire under physiological conditions, and
durations of stimulstion much greater than are rzquired for equilibration
to become manifesst in the auditory nerve, where the reduction in resronse
size begins immediatsly after the first impulse and progressss with each

Succeeding impulse until a final equilibrium level is reached and main-
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tained. In order then to validate the thsory that auditory nerve
equilibration is brought about as a result of a progressive failure
of the nerve to recover fully after each impulse, it is necessary to
show that the action of a high frequency stimulus to produce the
effects described above begins to take effect immediastely after the
commencement of stimulation,

The explanation for ths diminished size of th: szcond
impulse in a high freduency discharge is not difficult to find. The
fact that a nerve exuibits first an absolute then a relstive re-
fractoriness to further stimultion following a unitary response
indicates that the source of immediste energy in nerve is completely
exhausted by the passage of a single impulse, and that the restor-
ation process requires a certain finite time for complstion. An
impulse elicited during the rescovery period must as a conseguence
of the energy deplstion be of reduced aunlitude.

In order to explain why the impulses continue to become sm=llisr
in size after this initial decrsase, it is naecessary to asswas that the
time course of recovery is progressively retarded with cach successive
response, Justification for the assumption is to be found in the work
of Briicke and his associates (167) who observed that a nerve stimulated

during its relatively refractory period recovers from the sscond impulse
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considerably more slowly thcon from the first*, That the process of
recovery is further retarded with each successive impulse until an
equilibrium level is reached, is indicated by the results of experi-
ments carried out by Forbes and Rice (168) and Gasser and Grundfest (169)
in which it was found that the action potentials of artifically stimu-
lated nerves always undergo equilibration when the stimuli are spaced
at intervals shorter than a certain critical time period.

Having developed Derbyshirs and Davis'! orizinal suggestion in-

to a workable hypothesis**, it now becomes necessary to provide experimsntal

* Kato and his associates (170) have claimed that a nsrve stimulated
during the refractory phase of a previous impulse recovers from
the resultant resronse along sxactly the same curve as if there
had been no preczdineg activity. They based the claim on results
of nerve-muscle preparation experiments in which thsy measursd the
length of the least interval of time after an impulse elicited
during the refractory phase of a preceding response at which a
third stimulus would give a summated muscle contraction. There is
no doubt that this method is subject to greater error than the
more refined and direct method smployed by Bruck: and his co-
workers. Furthermore it seems that Kato's technic may have
revealed merely the stage of recovery at which the subnormal
nerve impulse could excite across the neuro-muscular junction.

** When Davis and Derbyshire origzinally suggested that equilibration
in the auditory nerve was a manifestation of a progressive
failure on the part of the nerve to recover fully after each
impulse, most of the data then available tendered to contradict
a hypothesis which required the nerve to recover from a second
of two rapidly repeated responses more slowly than from the
first, and so on: Thers wers Kato's observations which have
already been cited and also the evidence that the heart, usually
considered a model for excitable tissue, recovers more rapidly
after an extrasystole than it does during the normal cycle (171)
(172) (173). The Harvard workers made the suggestion solely on
the basis of indirect evidence, namely, that the action potentials
of a nerve electrically stimulated at high frequencies show a
progressive decline in amplitude (170), and that refractoriness
is prolonged following a long period of fatiguing stimulation (161).
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gvidence to substantiate it as fact. However, befors the matter is
discussed further it would ve wise to consider any other mech:qnisms
which could be responsible for the gradual decline in the size of
the auditory nerve action potentials which immedintely follows the
onset of stimulation.

It is inter=sting to note that Derbyshire and Davis do not
discuss in any of their papers the possibility that this effect could

be brought about by a trus ssnsory adartation. The phenomenon has

been observed in the responses of all other known mechanoreceptors
and it appears to b2 the conly other possible mechanism by which audi-
tory nerve equilibration could be logically explained. Oricinally,
sensory cells were thought to adapt only when subjected to a constant
stimulus, but it is now known that certain mechanoreceptors siow
adaptation to iterative as well as non-iterative stimuli (17%) (175)
(176). Thus there is a ypriori no reason to believe that the auditory
end-organ would not be subject to adartation, and thsrefore, in the
absence of any excerimental evideance, no cnod reason to favor the
mechanism of equilibration suggested by Derbyshire and Davis rather
than this more obvious mechanicri. The experimeots which will now be

described were carried out in an attempt to clarify this problem.

Experimental

If it could be shown that agents wnich tend to hinder the

Process of recovery in nerve magnified the ejuilibration effect waen
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applied to the auditory apparatus, definite evidsncs in favor of the
nerve fatizue theory of equilibration would thus be obtained. If also
these agents were known to exert tlhe opposite sffect on sensory adapt-
ation, then the latter would automatically be excluded as a possible
causs.

For many years it has bsen know: that the recovery process
in nerve is retarded at low temperatures* (177) (178) (179) (180) (141).
If auditory nerve equilibration is brought about through a prosressive
failure of the tissue to recover fully after each response, then cool-
ing the nerve endings sho1ld cause the phenomenon to be exaggerated.
This is exactly the effect which ‘s obtained when shaved ice is placed
in the auditory bualla, Fi-vure ]13 shows a series of photograrhic records
of the action potentials recorded from the eighth nerve: A before
cooling; B after cooling; C during rewarming; D after return to
normal temperature. Since latthews (182) and others have found that
adaptation is markedly decreased in sense organs vhich have been cooled,
it seems improbable that the egjuilibration of auditory nerve impulses
could be due to this cause. Moreover, asphyxia, which according to

Bronk (183) has little or no effect on adaptation, greatly accelerates

* This is shown by the prolongation of the refractory period which
takes place when a nerve is cooled. Both the absolute and the
relative phase of the refractory period are lengthened. Because
the temperature coeffici:=nt of the absolute is the same as that
of the relative phase, and the coefficient of the ratc of recovery
of excitability is the same for all degrees of excitability, it
is probable that a single process accounts for all the phenomena

of the refractory state.
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equilibration in the auditory nerve and doepens it almost to thae point
of extinction. The curves shown in Figure 14 represent the course of
equilibration before and after clamping of the trachea. The stimulus
in this case was an intense 150 cps tone. At this frequency under nor.al
conditions very little squilibration takes place* as can be seen from
the higher of the two curves in the figure. A few minutes after the
trachea has been clamped the curve changes its form completely and
becomes a steeply sloping, almost straight line.

Here again, supporting evidence is afforded the fatigue
theory of equilibration for there is no doubt that oxysgen is essential

to the processes responsible for restoration in nerve (184).

Conclusion

In conclusion it is interesting to note that eguilibration

has been observed in sinzle auditory nerve fibers (185). Here the
effect is seen as a decrease in both height of response and in rats of
discharge. The diminution in the size of the action potentials is

relatively s.izht, end after the first few impulses a constant height

is maintained. The rats of firing, on the other hand, 1is reduced with-

in the first second as much as 75 per cent, the reduction taking place

rapidly at first and then more slowly until a final, fairly constant

equilibrium level is reached after a period of about two seconds.

*This fact will be discussed in detail at the end of this section.
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Figure 14. ZEquilibration before and after
(lower curve) asphyxiation. Ordinate
values represent the size of the action
potentials expressed as a percentage of
the amplitude of the first response of
the discharge.



The observation is of special interest because it fits
the predictions of the fatigue theory of auditory mnerve equilibration

so well: Accordins to the data obtained by Bricke and his co-workers

(167) and by Graham and Lorente de No (160) the restoration of respon
siveness after tetanization takes place much more rapidly then does
the restoration of excitability, and its time-course is retarded by
fatiguing stimulation to a far greater extent than is the time-course
of the latter. Hence the small initial decrease in amplitude and the
large reduction in the rate of firing which constitute equilibration
in single auditory fibers can easily be explained as follows: The de-
crease in the height of the action potential does not progress beyond
the first few impulses because of the incr_ asing divergence between the
two curves of recovery with continuing stimulation. In other words,
recovery of responsiveness will be almost complete after each impulse
before the restoration of threshold is attained and another resronse
elicited.

Explanation of the reduction in the rate of firing may be
obtained by consideration of the events leading up to the =licitation of
each individual resﬁonse: After the first impulse at the onset of the

stimulus, restorestion of threshold may be completed so rapidly that,

if the frequency is not too high, the second cycle of the wave train may

also excite. Recovery from this second response will, however, be

slower than from the preceding one, and threshold may not be attained

until two further cycles of the wave train have been completed. Thus

while initially it may require but one cycle to cause excitation,
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eventually several cycles may be required.

There is but one other point left to be clarified: How does
it happen that the frequency of discharge is kept at the low level
which it finally reaches, when, accordinz to theory, it is the rapid
rate of firing which brings about the conditions responsible for re-
tarded recovery? The answer is to be found in the work of Erlanger
and Blair (186) who have demonstrated that stimuli which are ineffective
becauze they occur during a period of depressed excitability, nevertae-
less further delay recovery. Thus those cycles of the wave train which
fail to excite, extend the period requirsd for restoration of threshold

in the same manner that they would have if they had besn effective,
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TII. PERIPHERAL IITIIBITION I THE AUDITORY SYST!M

During an investigation of the neural basis of the auditory
phenomenon known as masking, the writer observed that if a low tone is
immediately preceded by an intense high* tone, the potentials evoked
in the auditory nerve by the low tone araz for a short time markedly
reduced in size. This effect is illustratsd in the photosgra hic
record reproduced in Figure 1H5: The ssquence of events in the record
is as follows: A to B are the nerve pnotentials elicited by a tone of
70 cps; at B this tone was switched off and a tone of 7HO cps:instantan-
eously switched on; at C the 750 cycle tone was switched off and the
70 cycle tone immediately switched on again. It can be seen that the
potsntials elicited by the 70 cycle stimulus were greatly diminished
in size immediately following cessation of the higher tone, and that
recovery was not completed until after a period of approximately two-
fifths of a second.

A low tone does not exert a similar inhibitory effect upon
the response to a high tone as can be seen from the record in Figure
15: Note that the potentials elicited by the 750 cycle stimulus are
initially large rather than small, and that they underzo equilibration
in the normal manner,

The inhibition phenomenon also is seen whsn after a period

of stimulation with both a high and a low tone presented coincidentally,

* The term is used here in a relative sense -- all tonss above 450 cps
being considered "high" tones for the purnose of comparison.
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Pigure 15. Inhibition of the action potentials evoked
in response to a 70 cycle tone by an intense tone
of 750 eps. Time marker 0.1 and 0.0l sec.
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the high tone is switched off. Figure 16 illustrates this effect,
The potentials from A to B in the record are those produced by an
85 cycle tone sounded alone; at B a 900 cycle tone was also switched
on, then at C it was switched off again., This record is particularly
interesting because it appears to show that during the time when the
stinli were sounded together there were rhythmic periods of inhibition
and facilitation, the periods of facilitation being more pronounced at
the beginning than towards the end of stimulation. A record taken of
the cochlear microphonic potentials evoked by the same pattern of
stimulation (Fizure 17) does not show similar periods of depression
and reinforcement, nor is the low tone response diminished in size
following cessation of the high tone.

The fact that the cochlear microphonic potsntials evoked by
low tones are not subject to inhibition by high tones (Figure 17 and 18)
provides incontrovertible evidence that the nerve phenomena are not
merely stimulus artefacts, and furthermore, localizes them in some
process occurring beyond the point of origin of the audio-electric effect.
Thus also, the possible explanation, that the inhibition is due to a
reflex contraction of the intra-aural muscles arising in res»nonse to
the higher tone and outlasting it, is rendered untenable.,

Impulsive as well as sinusoidal stimuli may be inhibited.
The record in Figure 19 shows the effect of a 1000 cycle tone on the
nerve responsss to clicks, In this, a tyoical case, there was a com-
plete inhibition of the click potentials during the time the tone was

sounded and a lesser but still marked depression after it was switched
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Pigure 16. Inhibition of the action
potentials evoked in response to an
85 eycle tone by an intense tone of
900 eps. Coincident gstimulation.
Time merker 0.2 and 0.02 seconds.
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off. It is interesting to compare the record of the cochlasar poten-
tials obtained in response to the same stimuli (Fi~urs 20): Here

the click potentials are only slightly reduced in magnitude during
presentation of the tons and regain their normal amplitude immediatsly

following its cessation,

The Nature of the Inhibition

Up to the present time it has not been possible to ascribe
the inhibition phenomznon to any swmecific process of nerve or sense
organ, but several hy:otheses have been considered and of these the
following two appeared to be the most reasonable:

men first observed the effect was believed to be a mani-
festation of subnormality in the auditory nerve. It is a well-known

fact that a nerve r:mains in a state of subnoranal excitability for a

considerable period after ranid tetanization (169). It was thought

therefore that an intense high tone might cause all the fibers re-

sponding to it to fire at such a rapid rate that following withdrawal

of the stimulus the fibers would be left in a state of depressed

irritability. Because of the raised threshold the low tone would at

first be only partially effective, but due to the slower rate at

which the low tone would cause it to discharge the nerve would hsve

a chance to recover -- hence, the gradual restoration of normal

amplitude.

For the hy.othesis to be valid it is necessary that the

one should not only activate the nerve fibers which respond

high t
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to the low tone, but that it should initiate in these fibers a
greater number of impulses than does the low tone itself. IIbwever,
the only experimental data availabls concerning this factor indicates
that while a single auditory fiber may respond when strongly stimu-
lated to a wide range of frequencies, it responds maximally to only
one spscific frequency, and hence submaximally to all others (185).
Thus it would be expected that low tone fibers would be tetanized
most by tones of their own characteristic frequency and that if they
responded at all to high tonss it would be at a relatively slow rate;
accordingly low tone fibers should develop a greater subnormality
when stimulated by low tones than when stimulated by high tones.
Nevertheless, subnormality was not immediately discarded as a possible
cause of the inhibition effect because of the fact that tuerc is
evidence that the perception of low tones is not dependent uron

the activation of a sw»nscific fiber or group of fibers. Although they

made a "persistznt search® for low tone fibers, Galsmbos and Davis

did not succeed in localizingz any having 2 characteristic frejquency

below U20 cps. When this is considered in the 1iznt of the clinical

observation that partial section of the auditory nerve in men always

causes losses to high tones but never to low tones, it becomes
evident that the theory ascribing the physiologic correlate of vnitch
for low tones to the frequency and organization of the immulses
passing up the auditory nerve, may indeed be correct. If it is,
then the inhibitory action of a high upon a low tone may be satis-
factorily explained in terms of nerve subnormality. In all the
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experiments carried out by the writer and his associate it was
found that tones below 400 cps wers the ones most easily inhibited,
and that tones of higher fracuency were little or not at all affected
by still higher tones. llevertheless, attenpts to alter the time
course and magnitude of the phenomenon with azants wihich are known
to exert a marked influence on subnormality were not successful.
Yohimbine, a drug which is known to prolong the duration
of subnormality in nerve and mari:sdly incresase its depth, did not
alter the d imensions of the auditory inhibition in any way whatso-
ever even though several m=thods of avrnlying the druz to the acoustic
nerve endinczs were tried including intravenous and intra-arterial
injection, perfusion of the perilymph and infusion throuzh the round
window membrana. It is true that this mizht have bsen the result
of a fzilure of the drus to rsach the necessary site in sufficient
concentration to produce an effect, but considered in the lizht of
the fact that asphyxization also does not influence the time course
or magnitude of the inhinition, it seems clear that a subnormality

of the responding nerve fibers cannot be the underlying mechanism

of the inhibitory action of a high on a low tone.

Tt is conceivable that the inhibition phenomenon could be

produced by reflex action of either central or peripheral origin,

Cajal (187) has described centrifugal fibers in the auditory nerve

which terminate around the cell bodies of the spiral ganglion.

These are considered by Poliak (188) to be effersnt fibers of the

vasomotor nucleus and thus not directly concerned with auditory



72

function; it seems possible, however, that they nay serve to

prevent conduction throush the ganglion cells which they inervate.

An attempt has not been made to test the hypothesis by sectioning

the nerve central to the recordin~. electrode because this procedure
invariably cuts off the blood supply to the cochlea with consequent
loss of all electrical activity. A method of blociking the nerve
below the electrode or of sectioning it without cutting the cochlear
artery will have to be devised before an inhibition of central orisin

can be rulsd out as a possible cause.
A peripheral inhibition mediatad throuzha the dirzct neural

connections which exist between different parts of the cochlea is

i ; 8 4o y ; “1~7 (1 &
another possible exrlanation of tha phsnomennsn. Lorente ds 1107 (187),

Poliak (16¢), and others have dsscribed bundlss of nerve fibers that

run spirally within the ganglion, giving off collaterals fwhich enter

several regions of the cochlea lying far apart from each other. There

are also bundlss of nerve fibers which run between the hair cells and

the basilar membrane sending off fine collsteral twigs to saveral of

the external hair cells alonc their path (189). Very little is

known concernin- the ori:in and distribution of the intrganglionic

and intracellular fibers, but if they serve, as they apparsntly do,

to relay impulses from one part of the acoustic system to another then

it may be that they act to depress excitability at a point distant

n activated by the stimulus. Unfortunately the technical

from the regio
difficulties involved in sub jecting the hypothesis to a critical test
iffi

i nsurmountable, and the solution to the problem may not be
seem insur
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obtained until & refined microelsctrode technic is devised whereby

exploration of circunseribed regions of the auditory neuroenithelium

is made possible.



IV. THE DEGRIZ OF DANPING OF TiIZ STRUCTURAS

RESPONSIZLE FOR TH7 GENERATION OF COCHL AR POTTITTALS

The damping factor of the structures responsible for the
production of cochlear potentials would not be of special interest
were it not for the fact thst there is considerable evidence that
these structures are the hair cslls of Corti's organ. The latter
are closely attached to the basilar membrane and undoubtedly con-
stitute the end-organs of the sense of hearing. The dezree of
damning to which they are subject will determine in large measure
the character of their responss. Now, the most widsly accepnted
theory of frequency analysis maintains that the basilar msmbrans is
composed of a graded seriss of rasonators and that the discrimin-
ation of pitech devends upon the activation by the stimulus of a
discrete and circumscribed region of the neuroepithslium thereon,
But in order for a tone of & particular frequency to produce a
significant displacement within a sharply defined and limited locus

only, it is nscessary that the damping factor of the responding

element be very small: The grzater the damping the more blunt will

be the curve of resonance, and hence the wider will be the area of

maximal displacement on the basilar membrane.* Thus it is clear

that the damping factor of the vibrating elements of the inner ear

% 2 T-—T
/YV—P _ o
* This is illustrated by the equation %t 'T;?-

where T is the kinetic energy and T0 the maximal kinetic enersgy.
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must be known before a satisfactory hypothesis concerningz the

mechanism by which the peripheral analysis of sound is achieved

can be established.

The degree of damping of the element which generates
cochlear potentials can be determined by examinetion of the wave
form of these potentials at either the onset or cessation of the
stimulating tone. According to Davis (190), "a pattern very closzly
resembling that resulting from a single isolated click®™ occurs both
at the beginning and end of activity even when precautions are taken
to switch the stimulus on and off without production of a gross
physical transient. ‘Experiments carried out in this laboratory do
not, however, confirm these results. When care was taken to exclude
clicks at the time of turning the tone on and off, the onset and
cessation of cochlear electrical activity was always smooth and
simple.

Due to the unavailability of the necessary apparatus it

has not been possible to make satisfactory high speed photographs

to illustrate this. However, the low speed records which have

been obtained indicate that the f orced and free oscillations of the

element responsible for the production of cochlear potentials are

typical of a system which is almost ecritically damped.
Tt will be recalled that the solution of the equation
jon of a simple vibrating system under the action

describing the mot

of an external periodic force consists of two parts, a ®transient®

and a ngteady? state. The former, which may be described by the
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term X, = e_kt Echos wt + C2sin wt] , expresses the tenporary re-
action of the system to any suddenly applied force: Its magnitude
diminishes with time dependingz upon the size of k. The steady state
term, Xo = a cos (pt- ¢ ), expresses the tendency of the system to
follow the driving force, and after the initial transient has dis-
appeared, constitutes a completsly sufficient description of the

motion unless further change in the driving force is made.

When damping is small ths history of the system from t=o

will be as follows: Starting from rest, the displacement will be
the sum of the transient effect and the steady state effect, which
are egqual in magnitude but opposite in sign. During the initial
stages of the motion the transient vibration, which is gradually
diminishing in size, beats with the forced vibration, and the net
result is a gradual asypmtotic rise in amplitude which continues
until the steady state value is reached (when the transient effect
finally dies out). %hile this increase in amplitude is taking

place, the frequsncy of the vibration is neither that of the tran-
sient nor that of the impressed force, but is a variable composite

of the two which gradually approaches the fregquency of ths steady

state as the transient decays.
The duration of the period for which the transisnt is

effective depends upon the value of k. If dampiny is appreciable

then the transient displacement decays very rapidly and x = & cos(1t- &)

pecomes a sufficient and complete description of ths motion within a

much shorter space of time than in the case where k is small. In fact,
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when k is large the first helf cycle may have a greater aimlitude
than its successors due to the production of pseudo-beats.®* This
apparent paradox can be explained by the presence of the change of
phase which causes the period of the rosultant vibration to be

longer while the free vibration lasts. The first U"beat" maximum is
always the greatest because at the beginning of the motion the free
vibration is stronger than at any later time, while the amplitude of
the forced vibration is constant. Theoretical and experimental proof
of this fact has been provided by Blau (191). He has siown that even

though the free vibration (transient) dies more quickly when damping

is large, the maxima occur at such an early stage that the amplitude

of the resultant motion is appreciably greater than the forced vibra-

tion of the steady state. ith critical damping or almost critical

damping, the first maximum occurs at the time of the first displacem-nt

of the system.
The alternatinz potentials generated in the cochlea in

response to a tone of abrupt onset do not grow monotonically from

zero as they would if the inner ear were a lightly damped system, but

attain the steady state in both amplitude and fregquency within the

period of the first oscillation. As predicted for a damped system

peats is used after Blau because beats in the
e of the term are possible only in an

orcing, or in systems in which the vibra-
und amped SYSt:§azgi;rmiintaiﬁéd. The pseudo-beats which may occur
tions are §6PS stem under forcing may have a greater or lesser
in a dampethanythe difference between the impressed and natural
freguency 4pending upon whether the impressed frequency is

ies de
fregzzgcér smaller than the natural frequency of the system,
gre

* The term pseudo-
generally accepted sens
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by theory, the first helf cycle appeared to be a little larger than
its successors, but an aperiodic wave pattern such as is produced

by elick stimuli was not observed in any of the records.

Conclusions

While the observations reported in this section demonstrate
conclusively that the source of cochlsar microphonic potentials is
an almost critically demped element, they do not in themselves provide

final proof that the structure responsible for the initiation of the

auditory nerve impulses is similarly damped. However, as was mentioned

earlier, most of the experimental data available tends to point to the

hair cells of Corti's orzan as the responsible source, and these cells

are generally considered the end organs of hearing.

The cuestion may be asked: TIf the inference is accepted

that the cochlea is a highly damped system, will 1t then be nscessary

to deprecate the considerable empirical evidence that the analysis

of pitch is accomplished in th=2 cochlea by some mechanism which
. - . C o
involves selective stimulation of localized areas ot the neuroepithelium?

The answer is no, for mechanical resonance is not the only principle
~ H

i i ‘minate between vibrations of

by which a physical system cal discrimi
various frequencies. F¥oT examnle, Reboul (192) has set up a series of
differential equations treating the cochlea as a hydraulic system

. ic v i the theory of
. . 1 with elastic walls, and applying
contained in a vessSe
. dia constrained by elastic boundaries,

3disturbancses in me

propagated
been able to show that the basilar membrane will undergo a
he has D€
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maximal displacsment at a position which is a function oi the
frejuency of the force activatin- it., The fact that the positions
of maximal displacement which Reboul calculected for several fre-
quencies are in close agrecment wit: figures obtained by various
experimental methods, serves to s.aphasize the error of adhering
ungestioningly to the Helmholtz! hynothesis in the face of its

many inadequacies.
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