NEURAL AND MECHANICAL RESPONSES

TO ELECTRIC STIMULATION OF THE CAT'S INNER EAR
by
Edwin Charles Moxon

S.B., Massachusetts Institute of Technology
(1965)

S. M., Massachusetts Institute of Technology
(1967)

SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

June, 1971

Department of JElectrical Engrne\ermg,, May 17, 1971

Signature of Author -

e o S S

— — —— —— — — —— rma g — — — ——

JUN 281971



NEURAL AND MECHANICAL RESPONSES TO
ELECTRIC STIMULATION OF THE CAT'S INNER EAR
by
EDWIN CHARLES MOXON

Submitted to the Department of Electrical Engineering on May 17,
1971 in partial fulfillment of the requirements for the Degree of
Doctor of Philosophy

ABSTRACT

Responses of fibers in the cat's auditory nerve were recorded
with a micropipette when the inner ear was stimulated electrically,
and response characteristics were compared with characteristics of
response to acoustic stimuli. For both pulse and sinusoidal current
waveforms, two separate types of response were identified. In one
type of response, analogous electric and acoustic stimulus waveforms
appear to be transformed into similar patterns of nerve-fiber dis-
charge; the other response type shows distinctive characteristics
which are not found for simple acoustic stimuli. The nerve-fiber
response characteristics suggest that the former response type is
mediated by a cochlear electromechanical phenomenon, while the lat-
ter type can be attributed to direct depolarization of nerve membrane
by the electric stimuli. The existence of the hypothesized electrical-
to-mechanical transduction was verified by detecting motion of the
round-window membrane which accompanied electric stimulation of
the cochlea; measurements indicated that round-window volume
velocity was proportional to stimulus current. This electromechani-
cal phenomenon was shown to be essentially independent of known
mechanical-to-electrical cochlear transduction phenomena. Origins
of the observed mechanical and neural responses are considered and
correlations between the physiological results and human psycho-
physical observations are discussed.
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CHAPTER 1I.

INTRODUCTION

At the beginning of the 19th century, Volta (1800) described
sensations that resulted from application of electric current to vari-
ous sense organs, including the ear. Since that time, a number of
"hearing sensations' evoked by €lectric stimuli have been reported.
Many of these hearing sensations can be classified according to the
scheme of Jones, Stevens, and Lurie (1940), who described three
separate subjective phenomena resulting from electric stimulation of
the peripheral auditory system.

One subjective phenomenon was explained in terms of an elec-
trostatic mechanism in which forces of electric origin were developed
on the tympanic membrane (eardrum). The proposed transducer
accounted for what had been described as a ''square-law'' sensation,
in which a sinusoidal electric stimulus was perceived as a tone of
twice the frequency. This phenomenon was not observed when elec-
tric stimuli were applied directly to the inner ear (cochlea) of sub-
jects whose tympanic membranes had been surgically removed. On
the basis of the sensations experienced by these subjects, however,
the other two phenomena, which involved the cochlea and auditory
nerve, were identified.

One of these was a phenomenon attributed to direct electric
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excitation of auditory-nerve fibers by the applied currents. The asso-
ciated sensation was complex; it did not correspond to a simple sound
and was described as a noise which had a buzzing character.

The remaining phenomenon was described as resulting from
action of electric stimuli on elements within the inner ear. The asso-
ciated subjective phenomenon was a simple one: when the cochlea was
stimulated with sinusoidal current, subjects reported a sensation of
tone of the same frequency as the electric stimulus. No physiological
basis for this phenomenon was clearly indicated, although the authors
suggested that it might reflect properties of the sensory cells in the
organ of hearing.

Although some further investigations of the two subjective phe-
nomena associated with electric stimulat.i'on of the human cochlea and
auditory nerve have been conducted, few comparable experiments
have been performed using experimental animals to investigate the
physiological basis for these subjective effects, and none has directly
investigated the basis of the 'linear-law'' phenomenon attributed to
mechanisms of the cochlea.

The present study is an investigation of the physiological effects
of electric stimuli on the inner ear and auditory nerve of an experi-
mental animal, the cat. The purpose of this study is to describe the
basic ways in which electric stimulation can affect the electrical and

electromechanical systems of the cochlea.
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For this purpose, the discharges of single auditory-nerve fibers
(the cutput signals of the cochlea) were recorded when the cochlea was
stimulated electrically, and the electrically-evoked responses were
compared with responses to sound.

These experiments show two distinct kinds of auditory-nerve-
fiber response which appear to be physiological correlates of the two
subjective phenomena associated with electric stimulation of the hu-
man cochlea. In one type of response, distinctive discharge charac-
teristics are found which do not resemble the response to simple
acoustic stimuli, and this response type is the apparent correlate of
the sensation described as noise. Characteristics of this response
indicate that it is the result of direct excitation of nerve fibers, the
mechanism which had been proposed on the basis of subjective charac-
teristics.

In the other type of response, nerve-fiber discharge character-
istics resemble the characteristics observed in response to a tone;
this response type is the apparent correlate of the 'linear-law' sub-
jective phenomenon. On the basis of the observed characteristics, it
appears that this nerve-fiber response is produced by mechanical
signals which occur in the cochlea in response to electric stimuli.

This hypothesis was verified experimentally by detecting motion
of the round-window membrane produced in response to electric

stimuli. Properties of this mechanical response were determined
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and possible mechanisms underlying it were investigated.

According to the experimental results, this electromechanical
effect appears to be the basis for the 'linear-law' perception of elec-
tric stimuli by humans. However, the evidence shows that this effect
can exist independently of other, normal sensory processes of the
inner ear, and that therefore it is not a phenomenon intimately related

to the specialized mechanisms of the organ of hearing.
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CHAPTER II.

BACKGROUND

2.1 Anatomy and Physiology of the Peripheral Auditory System.

A schematized representation of the anatomy of the mammalian
peripheral auditory system is shown in figure 2.1. A block diagram
representing stages of signal processing and variables of interest is

shown in figure 2.2. Variables defined in the block diagram are also

indicated in figure 2.1.

2.1.1 Acoustic characteristics of the head and external ear.

The presence of the head in an acoustic medium places con-
straints on the acoustic signals in that medium. The effects of the
head and auricle (pinna) have been characterized by relating thé sound
pressure developed at the entrance of the external ear canal to the
sound pressure which would exist at a remote point in an incident pro-
gressive sound field. In the block diagram, the incident free-field
sound pressure is indicated as pgf(t), and the sound pressure near the
tragus at the external canal entrance is indicated as pt(t); the first
stage in the diagram represents the transformation of pgs to py.

The sound pressure at the tragus is transmitted through the
external canal and sound pressure p,(t) is developed on the tympanic

membrane; the tympanic membrane may be considered an input port
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Figure 2.1

Schematic drawing of the macroscopic anatomy of the
peripheral auditory system.

Major anatomical features are indicated. In this two-
dimensional representation the cochlea is shown uncoiled.
(From Békesy and Rosenblith, 1951.) Signal variables
have been superimposed on the original drawing:
Pt» sound pressure at the tragus
Pq: sound pressure at the tympanic
membrane (drum membrane)
linear displacement of the stapes
footplate
Ym(2), transverse linear displacement of
the basilar membrane, a function
of longitudinal position z.

Xgs
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Figure 2.2

Block diagram representing the normal operation of
the peripheral auditory.system.

Major stages of signal processing are indicated. Indi-
cated variables:
pss(t), sound pressure in the free field;
pt(t), sound pressure at the tragus;
pq(t), sound pressure at the drum membrane;
xg(t), linear displacement of the stapes footplate;
ym(t, z), transverse linear displacement of the
basilar membrane, a function of longi-
tudinal position z;
a;(t), action potential generated in the ith nerve
fiber at the site of impulse initiation;
ai(t'Ti)' action potential in the ith nerve fiber,
delivered to the central nervous system,
delayed by conduction time T;.
Pathway from the central nervous system to the middle
ear represents the innervation of middle-ear muscles.
Pathway from the central nervous system to the trans-
ducer and nerve endings represents the olivo-cochlear
bundle (OCB) of efferent nerve fibers which end on the
hair cells and afferent nerve endings in the organ of
Corti.
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of the middle ear, with p4(t) as a middle-ear input signal. The second
stage in the block diagram represents the transformation of p; to pg.
Transfer functions describing these transformations have been
determined experimentally. In man the ratio Pt/Pff has been deter-
mined by Wiener (1947) and by Shaw (1966), and the ratio Pd/Pt has
been described by Wiener and Ross (1946) and Shaw and Teranishi
(1968).- For the cat, these functions have been described by Wiener,
Pfeiffer, and Backus (1966). In general these transfer functions
describe linear low-pass acoustic systems. For frequencies greater
than a few kHz, both Pt/Pff and P4/P; depend on frequency, and in
addition Pt/Pff depends on the orientation of the head in the sound

field.

2.1.2 Transmission characteristics of the middle ear.

In the experiments described in this thesis, the acoustic stimuli
are usually expressed in terms of the sound pressure measured close
to the tympanic membrane, and the transformation characteristics of
the head and external canal are not involved. However, sound stimuli
do pass through the middle ear to reach the cochlea and are affected by
middle-ear transformation characteristics.

The function of the middle ear is to couple acoustic signals at
the tympanic membrane to the inner ear. Suspended in the middle ear

cavity are three small bones, or ossicles. One ossicle, the malleus,
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is connected to the tympanic membrane and to the second ossicle, the
incus. The incus is connected to the third ossicle, the stapes, which
makes contact with the cochlear fluid through the oval window, an
opening in the bony shell of the cochlea. The indicated middle-ear out-
put signal is the displacement of the footplate of the stapes, xg(t).

Connected to the ossicles are two muscles, which can exert for-
ces on the malleus (the tensor tympani muscle) or on the stapes (the
stapedius muscle) to alter the transmission characteristics of the mid-
dle ear. The tensor tympani innervation is derived from the trigemi-
nal nerve and the stapedius innervation from the facial nerve.

A middle-ear transfer-function, XS/Pd, has been determined for
the anesthetized cat by Guinan and Peake (1967). Using optical mea-
surement techniques, they found that, with the bulla open and the bony
septum separating bulla and tympanic cavities removed, the transfer
function exhibits low-pass characteristics. Transfer function magni-
tude diminishes between 1 and 9 kHz with a slope of about 6 dB/octave
and appears to fall more rapidly from 9 to 12 kHz (the highest fre-
quency investigated). The middle ear acts as an acoustic transformer
due to lever action of the ossicles and due to the ratio of tympanic
membrane area to the area of the stapes footplate. Békésy (1960, pp.
95-104) has described the pressure gain of the middle ear of human
cadavers to be 20 to 25 dB below 2 kHz, and in the cat, this ratio may

be as high as 35 dB (Wever and Lawrence, 1954). In the anesthetized
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cat, the middle ear has been found to operate linearly for input sound
pressures up to 130 dB re 0.0002 dynes/crn2 rms (130 dB SPL)(Guinan
and Peake, 1967).

A number of authors have described the contraction of middle~
ear muscles as resulting in a reduction nf the signal transmission
through the middle ear [see Wever and Lawrence (1954)]. The nor-
mal role of the muscles in hearing is not well understood. It has been
proposed that the reflexive response of the muscles to high-level
sound stimuli protects sensitive inner ear structures from possible
damage. Evidently in the barbiturate-anesthetized cat the middle-ear

muscles are relaxed {Dallos, 1970).

2.1.3 Description of the inner ear and auditory nerve.

As a whole, the physical mechanisms of signal processing within
the cochlea are not understood, although experimental data exist on
many aspects of cochlear function. In the external and middle ears,
there is little doubt that the signals of interest are mechanical. In
some essential processes of the cochlea, however, it is not known
whether signals of interest exist as mechanical, electrical, chemical, or
other physical quantities. The following sections contain a short sum-
mary of the known mechanical and electrical functions of the cochlea.

The cochlea of the cat is a spiral chamber of three turns within

the temporal bone. Over most of its length this chamber is divided
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into three spiral, fluid-filled compartments by the cochlear partition.
In the schematic drawing of figure 2.1 the cochlea is shown uncoiled.

A drawing of a cross-section of the compartments of the cochlea
is shown in figure 2.3. (The plane of this section is perpendicular to
the plane of the schematic drawing of figure 2.1.) In this cross-section,
the cochlear partition is triangularly shaped, bounded on two sides by
membranes and the third by bone. - Scala vestibuli is separated from
scala media by Reissner's membrane, and scala tympani is separated
from scala media by the basilar membrane. The fluid contained
within scala media is endolymph; scala vestibuli and scala tympani
contain perilymph. At the very apex of the cochlea, the cochlear par-
tition ends and scala vestibuli and scala tympani are connected through
an opening, the helicotrema. At the base of the cochlea the oval win-
dow, containing the footplate of the stapes, opens into the scala vesti-
buli, and the round window, covered by an elastic membrane, opens
into scala tympani. The basilar membrane supports the sensory
organ of hearing, the organ of Corti.

The organ of Corti contains the hair cells (believed to be the sen-
sory cells), supporting cells, and the peripheral terminations of the
afferent fibers of the auditory nerve. Fine hairs protrude from the
hair cells and contact the tectorial membrane (Kimura, 1966). The
hair cells are arranged in rows along the basilar membrane. One row

of inner hair cells lies between the tunnel of Corti and the axis of the



Figure 2.3

Diagram of a cross section of the cochlear duct.

Drawing shows the important anatomical features of
the organ of Corti and the three cochlear scalae.
(From Davis and Associates, 1953.)

27
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cochlear spiral; the hair cells lying on the other side of the tunnel are
called the outer hair cells, which in the cat are arranged in three rows.
The fibers of the auditory nerve form synapses on the bases of the

hair cells. The nerve fibers are unmyelinated in the organ of Corti,
becoming myelinated as they exit through the habenula perforata.

The cell bodies of the auditory-nerve neurons form the spiral
ganglion, which is situated in a spiral canal in the temporal bone. The
myelinated central processes of the auditory-nerve fibers extend into
the central nervous system and form synapses with the cells of the
cochlear nucleus. The auditory nerve of the cat contains about 50, 000
afferent fibers, whose diameters range from 2 to 5 ym (Gacek and Ras-
mussen, 1961).

An efferent system of nerve fibers from the central nervous sys-
tem, the olivo-cochlear bundle (OCB), forms a neural feedback path to
the peripheral auditory system. OCB fibers which originate in the
contralateral half of the brainstem and cross the midline to the ipsi-
lateral cochlea are referred to as the crossed component of the OCB
(COCB). Efferent fibers enter the cochlea and end on the bases of the
hair cells and on the fine, unmyelinated terminals of the afferent audi-

tory-nerve fibers (Smith, 1961; Spoendlin and Gacek, 1963).

2.1.4 Cochlear mechanics.

The displacement of the stapes footplate in the oval window
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moves the perilymph in scala vestibuli, which in turn causes the coch-
lear partition to move. In figures 2.1 and 2.2 the displacement of the
cochlear partition at a point z along the length of the cochlea is indica~
ted as y.,(z). The displacemeﬁt of apical portions of the cochlear par-
tition for a sinusoidal stapes displacement was observed directly by
Békésy in studies reported in the early 1940 s (Békésy, 1960, pp. 446-
469, 500-510). More recently, motion of the basilar membrane at the
basal end of the cochlea has been measured using the velocity-sensi-
tive Mossbauer effect (Johnstone, Taylor, and Boyle, 1970; Rhode, 1970).
These studies indicate that, for constant stapes displacement, the dis-
placement of a point along the partition is maximum at some frequency,
that is, the transfer function Y _ (z)/X_ exhibits band-pass characteris-
tics. The frequency-selective filtering which is performed by the me-
chanical system of the cochlea evidently contributes to the ability of the
auditory system to discriminate tones of different frequencies. Békésy
(1960, pp.460-469) has indicated that cochlear mechanics at this levell
may be represented as a distributed, linear system. Models for the
motion of the cochlear partition have been proposed which show band-
pass frequency responses (e.g. Zwislocki, 1948; Wansdronk, 1962).

There are no measurements of the normal motion of smaller
cochlear structures within the partition, such as the motion of hair
cells relative to the tectorial membrane surrounding the hairs. This

motion has been inferred from other evidence, however, and the pos-
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sibility that shearing motion of the hairs is the mechanical output
which excites the sensory hair cells has been advanced (Békésy, 1960,

pp. 672-684, 703-710).

2.1.5 Cochlear electrophysiology.

One essential function of the cochlea is to transduce mechanical
signals, particularly the motion of the basilar membrane, into action
potentials in auditory-nerve fibers. This function of the cochlea is
indicated by the stage labeled transducer in figure 2.2. Although the
mechanism of the transducer is not understood, electric phenomena
thought to be associated with the cochlear transducer have been exten-
sively studied. The electric signals measured are usually voltages,
recorded by electrodes placed somewhere in the peripheral auditory
system, usually on or in the cochlea. These voltages, or cochlear
potentials, can be grouped into four classes; constant potentials, micro-
phonic potentials, summating potentials, and compound action poten-
tials originating in the nerve.

The latter of these, the compound action potential, is apparently
the extracellularly-recorded response of synchronously discharging
auditory-nerve fibers, and can be recorded with electrodes in or on the
surface of the cochlea and auditory nerve. The all-or-none action
potentials of the myelinated central processes of single auditory-nerve

fibers can be recorded by suitable microelectrodes. The extracellu-



32
larly-recorded neural responses do not provide information on coch-
lear function distinct from that available in single auditory-nerve
fibers [see Kiang (1965)]. Some characteristics of single-fiber action
potentials are describved in the next section; properties of extracellu-
larly-recorded action potentials are not discussed here.

A constant potential difference of 80 to 100 millivolts, the endo-
cochlear potential (EP), can be measured between the endolymph of
scala media and the perilymph of scala vestibuli or scala tympani,
scala media being the more positive (Békésy, 1960, pp. 647-654). In
addition, there is evidence that cells in the organ of Corti exhibit
negative, resting potentials such as those found in other cells (Békésy,
1960; LaWrence, 1965). These constant potentials exist in the absence
of any auditory stimulus; they are apparently maintained by metabolic
activity [see Davis (1957)].

In response to an acoustic input to the cochlea, time-varying
voltages are readily found anywhere in the vicinity of the cochlea, and
particularly in the cochlear fluids.

One component of these voltage changes, the cochlear micro-
phonic potential (CM), is so named because the observed voltage wave-
form is similar to the waveshape of the acoustic stimulus. For tone
stimuli, CM appears to be linearly related to the mechanical input to
the cochlea over a wide dynamic range, although the relationship

departs from linearity at high signal levels. The CM, then, is an
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indication that a linear mechano-electrical transduction process oc-
curs in the cochlea. However, the role, if any, of this process in the
chain of events which leads to production of spike signals in the audi-
tory nerve, and therefore any relation is may have to hearing, has not
been demonstrated. The arguments which have been advanced to
implicate the microphonic phenomenon in the hearing process are
summarized by Wever (1966) and discussed by Davis (1957, 1960).

Although a stage for production of CM is not explicitly indicated
in the block diagram of figure 2.2, within the depicted framework, CM
might be associated with the stage labeled transducer.

The source of CM is known to be associated with the organ of
Corti [see Stevens and Davis (1938)], and on the basis of experimen-
tal observations, CM is thought to be generated by the hair cells.
Experiments designed to correlate intra-cochlear voltages with the
anatomical location of recording microelectrodes have recently been
performed, but detailed electrophysiological results have not been as-
sociated with structures as small as cells (Sohmer, Peake, and Weiss,
1971). Some data concerning receptor potentials of hair cells in an-
other mechano-receptor, the amphibian lateral-line organ, have re-
cently been reported (Harris, Frishkopf, and Flock, 1970). However, the
effects of mechanical stimuli on the membrane potentials of hair cells
or nerve endings have not been studied in detail in any preparation.

Mechanisms by which mechanical signals are transduced into
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CM have been considered by several authors. An electric circuit
model of the hair cell which accounts for several properties of CM was
developed by Davis [see Davis (1965)] and later modified by Wieder-
hold (1967) to account for the effect of the OCB on CM and nerve activ-
ity. Békésy (1960, pp. 636-647) concluded from an energy considera-
tion that the microphonic does not result from a passive transforma-
tion of mechanical energy, but is ptoduced by an active process. At
present the mechanism underlying the microphonic action of the coch-
lea is not known and is a subject of active research.

The other cochlear potentials that can be identified as response
to an acoustic stimulus are the positive and negative summating poten-
tials, SP4 and SP_ (Davis et al., 1958), and an additional slow poten-
tial which may be related to these (Kiang and Peake, 1960). These
potentials appear as maintained shifts of the baseline potential (some-
times called dc shifts) during stimulation with suitable tones. The
possibility that these potentials reflect a process which excites neural
activity has been advanced (Davis et al., 1958) and is based on argu-
ments similar to those made for the microphonic. As with CM, the
origin of the summating potential is not well understood.

Electrically-generated activity in the crossed component of the
efferent olivo-cochlear bundle (COCB) has a demonstrable effect on
CM (Fex, 1959; Desmedt, 1962; Wiederhold and Peake, 1966). Although

it is known that action potentials in the efferent COCB fibers can occur
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in response to sound (Fex, 1962), the normal operation of the central
portion of this physiological feedback system, and therefore its role in
normal hearing processes, is largely unknown. The OCB is often pre-

sumed to be inactive in the barbiturate-anesthetized animal.

2.1.6 Auditory-nerve electrophysiology.

Auditory-nerve fibers conduct all-or-none neural impulses from
the cochlea to the brain. In figure 2.2, the action potentials (spikes)
generated in the nerve fibers are represented by the set of a;(t); the
action potentials delivered to the central nervous system are shown
delayed by conduction time T;. The responses of auditory-nerve fibers
to several types of acoustic stimuli have been systematically studied
by Kiang (1965, 1968). Some of the descriptions of responses to tonal
and click stimuli are pertinent to the present investigation.

All fibers show randomly distributed discharges in the absence
of any controlled acoustic stimulus. The rate of these spontaneous
firings varies from fiber to fiber, ranging from less than 0.1 to over
100 per second.

The response to tone is a function of both frequency (f) and level.
The threshold of just-detectable response exhibits a minimum at a par-
ticular frequency which is a characteristic of the fiber (characteristic
frequency, f. or CF), and rises sharply for f > f_ and f <f_.. A plot of

threshold against frequency is called the tuning curve, and the area of
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the stimulus plane above the tuning curve is called the response area.
Tuning curves show frequency selectivity which can be compared with
the mechanical band-pass characteristics of the cochlear partition.

As tone level is raised from low- to supra-threshold values,
fiber discharge rates generally increase. The relation between rate
of firing of a fiber (number of spikes per second) and the level of a
stimulus tone is often termed the ir;tensity function of the fiber,
although the stimulus is usually specified in terms of the magnitude of
a quantity such as sound pressure, rather than actual sound intensity
(power). In general the rate rises from the spontaneous firing rate to
a maximum rate as stimulus level is raised 20 to 40 dB aBove the
threshold value. 'I_.ntensity functions have frequently been found to be
monotonic, high stimulus levels producing a saturated maximum aver-
age firing rate (usually < 200 spikes per second). Recent evidence
shows that when intensity functions are measured using sufficiently
fine steps of stimulus level, exception to monotonicity is often found
(Kiang et al,, 1969). The nature of the exception is that a sharp mini-
mum in the intensity function occurs at some stimulus frequencies.
When intensity functions are measured at 5 or 10 dB level increments,
the sharp minimum is usually not apparent.

The effect of electrically-generated efferent activity of the COCB

on afferent fiber response to tones has been described as a shift of the

intensity function along the stimulus-level axis, reducing fiber sensi-



37
tivity by as much as 20 dB (Wiederhold, 1970).

For click stimuli, fibers of f. below about 5 kHz show several
preferred times of firing which are simply related to f_; intervuls
between preferred firing times are equal to 1/f. (Kiang, 1965; Gray,
1966). It is possible that both the value of f. and the firing times for
click stimuli are determined by the dynamics of the cochlear partition,
with click response reflecting an os‘cillatory mechanical impulse re-
sponse [see Weiss (1966)].

For low-frequency tones, discharges tend to occur in synchrony
with individual cycles of the stimulus. A preferred phase of firing
can be detected for stimulus frequencies below about 5 kHz and inter-
spike-interval distributions show peaks at the period of the stimulus.
For tone frequencies > 5 kHz, the average distribution of spikes ap-
pears to be uniform throughout a period of the stimulus. With con-
tinuous tones at these stimulus frequencies (and for spontaneous acti-
vity), distributions of interspike intervale are comparable to the dis-
tribution of inter-event times in a Poisson process; a notable excep-
tion is that the nerve-fiber discharge shows far fewer very short ( <
10 msec) intervals than would be predicted by Poisson statistics.

At present much is known about the output signals of the cochlea
(the discharges of the auditory nerve) that occur in response to a vari-
ety of acoustic stimuli, but the signal-processing stages within the

cochlea are not as readily available for study, and understanding of
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the internal mechanisms of the cochlea is incomplete. No comprehen-
sive model of the operation of intermediate stages has been devised
which accounts even qualitatively for properties of auditory-nerve-
fiber response to simple stimuli (e.g. Weiss, 1966; Gray, 1966; Lynn

and Sayers, 1970).

2.2 Action of Electric Stimuli on the Peripheral Auditory System.

2.2.1 Electric stimulation of human subjects.

It has long been known that sensation can result from electric
excitation of sense organs. Volta (1800) observed that by connecting
a battery of his voltaic cells to his own head, he could perceive visual,
gustatory, and auditory sensations. The investigations which followed
this discovery throughout the 19th and early 20th centuries are mainly
of historical interest and have little significance for the present inves-
tigation. Simmons (1966) and Flottorp (1953) have recently reviewed
the auditory eifects of electric current that were reported in the liter-
ature of this period.

In the early 20th century a number of reports of electrically-
induced hearing sensations appeared in the scientific literature. The
observation that signals from a radio could be heard without the use of
a loudspeaker or earphone led one worker to patent a device which
purportedly permitted deaf persons to listen tn radio broadcasts

(Eichhorn, 1930). Other contemporary reports described new methods
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of hearing based on electric stimulation of the ear (Perwitzchsky, 1930;
Jellinek and Scheiber, 1230) which were thought to be promising for
restoring auditory communication to the deaf.

Later in the 1930's, more systematic investigations of the action
of electric stimuli on the human peripheral auditory system were
undertaken. The following is a brief review of these and more recent
human and animal studies which form the background for the present
investigation.

Some of the recent experimentation has been directed toward
development of electric prosthetic devices for restoring useful hear-
ing to the deaf through stimulation of the auditory nerve. In patients
without functional cochleas, however, stimuli applied directly to the
cochlea or auditory nerve have proven disappointingly poor for con-
ventional auditory communication. Simple stimuli are perceived as
complex sounds, and intelligibility of electric analogs of speech wave-
forms applied directly to the nerve has been poor (Djourno and
Eyries, 1957; Zollner and Keidel, 1963; Doyle et al., 1963; Doyle et al.,
1964; Simmons et al., 1964; Simmons et al., 1965; Simmons, 1966;
Michelson, 1970)

\

Subjects with normal hearing have been found to experience

several kinds of auditory sensation when stimulated electrically in

the vicinity of the ear. In one type of experiment, subjects have been

stimulated with high-frequency signals that are modulated at audio
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frequencies. Evidently there are at least two mechanisms that can be
responsible for perception of such stimuli. One mechanism is asso-
ciated with radiation in the microwave region such as is found near
radar transmitters (Frey, 1961, 1962, 1963; Ingalls, 1964). Although
there seems to be some uncertainty as to whether subjects with
peripheral deafness experience auditory sensations in microwave
fields, Frey (1962) has suggested that a central-nervous-system
effect does exist. This effect can be distinguished from another kind
of effect, which is believed to occur in the peripheral auditory system.

An electromechanical mechanism which accounts for auditory .
perception of electric stimuli has been described by several authors
(Kahler and Ruf, 1931; Meyer, 1931; Chocolle, 1950; Sommer and von
Gierke, 1964; Harvey and Hamilton, 1965; Tuhy, 1967). They have
proposed that when an electric field is developed at the surface of the
body, electrostatic forces are developed which produce perceptible
vibration under certain circumstances. This mechanism has been
incorporated into models of the effects observed when an electrode
insulated with a thin layer of dielectric is placed against the skin of
the head and another contact is made through an electrode on another
part of the body [see Tuhy (1967)]. When an electric signal is supplied
to the electrodes, a potential difference, and thus a stress of electric
origin, is developed between the conducting surface of the insulated

electrode and the tissue beneath it. As modeled, the force produced
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is essentially proportional to the square of the applied voltage. If the

applied voltage is a modulated carrier of the form
v(t) = Vo(l + s, (t) ) cos w.t

the resulting stress is proportional to

2
Vo 2 2
T [1+25m+sm +.(1+Zsm+sm )coscht]

This force contains components proportional to the first and second
powers of the modulating signal s, and other components which for
sufficiently large w_. are inaudible. Because the skin and tissue are
not rigid, they would move under the influence of the force. Tuhy
(1967) observed that the electrode-tissue system generated a signifi-
cant airborne acoustic signal. Harvey and Hamilton (1965) considered
the possibility that subjects perceive an acoustic signal that is trans-
mitted to the cochlea by bone conduction. Whatever the sound trans-
mission path, the intelligible perception evidently results from the
acoustic signal generated by the electric stimulus. It has been sugges-
ted that a modulated carrier waveform applied in this way is trans-
mitted to the inside of the head, where it stimulates neurons directly
to produce readily-intelligible auditory perception [see Einhorn (19-
67)]; however, the available evidence does not support this hypothesis.
Stevens and Jones (1939) described the results of other percep-

tual experiments in which electric stimuli were introduced through an
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electrode contacting fluid in the external-ear canal. Sinusoidal cur-
rents introduced in this way were often perceived as a tone of twice
the stimulus frequency. When a direct bias voltage was added to the
sinusoidal stimulus, the perceived pitch changed to correspond to a
tone at the fundamental rather than second harmonic of the applied
sinusoid. To account for this result, Stevens and Jones proposed an
electrostatic transducer in which th-e eardrum membrane effectively
formed one plate of a capacitor, and the surface of the promontory,
situated across the middle-ear cavity, formed the other effective
plate. The force developed between the effective surfaces is again
proportional to the square of the potential difference between them,;
the effect of a bias voltage is to introduce a linear term in the trans-
duction. The force of electric origin exerted on the tympanic mem-
brane is equivalent to a force exerted by an incident sound pressure
and is perceived in the same way.

Forces of electric origin exerted on the skin or eardrum mem-
brane may be responsible for many of the reports in the literature of
electrically-evoked auditory sensation found in subjects with intact
auditory apparatus, although at the time this possibility may either
have gone unrecognized or may have been discounted (Eichhorn, 1930;
Fromm, Nylén, and Zotterman, 1935; Craik, Rawdon-Smith, and
Sturdy, 1937; Hallpike and Hartridge, 1937; Stevens, 1937; Fiori-Ratti

and Manfredi, 1951; Puharich and Lawrence, 1964; Einhorn, 1967).
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The electrically-evoked auditory sensations described above
have no particularly significant relation to processes of the cochlea,
since they are responses to signals generated either central to or
peripheral to the cochlear transducer. However, an additional sen-
sation can be identified both by subjects with normal hearing and By
subjects lacking tympanic membrane and ossicles. Production of
this sensation appears to require th;.t the cochlea be functional.

It should be emphasized that a mixture of sensations was often
reported by normal subjects when alternating current was delivered
with electrodes in direct contact with the ear. Jones, Stevens, and
Lurie (1940) identified three types of sensation in normal subjects,
and proposed a separate origin of each type. One of these was the
square-law, electrostatic mechanism associated with the tympanic
membrane, which had been identified previously (Stevens and Jones,
1937). Sensation characteristics associated with this square-law
mechanism were absent in patients whose middle-ear structures had
been surgically removed, even though cochlear function was rnain-
tained.

The two remaining sensation types occurred when currents were
delivered directly to the cochlea. Of these sensations, one was attrib-
uted to currents acting directly on auditory-anerve fibers. The com-

plexity of this type of sensation seems to be similar to that reported

in the more recent investigations in which electric stimuli have been
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applied directly to the nerve (see page 39).

The other sensation type was described as following a linear
law (as distinguished from the square-law effect of peripheral electro-
static transducers). This sensation occurred only in subjects who
possessed a functioning cochlea, and although the authors were not
able to specify a particular mechanism underlying this sensation,
they did conclude that electric stimuli had an effect within the cochlea
itself.

Other workers have also found an effect localized to the cochleas
of patients without middle-ear structures, and the cochlear origin of
the effect was shown in other control experiments (Volokhov and Ger-
suni, 1934; Andreev, Gersuni, and Volokhov, 1935; Gersuni and Volo-
khov, 1937, Andreev, Arapova, and Gersuni, 1938). However, in some
of their characterizations of electrically-induced auditory sensations
these authors seem to have presumed that this one effect predominated,
and thus their observation of an apparent square-law (second harmonic)
response in normally-hearing subjects was presumed to be a cochlear
effect (Arapova, Gersuni, and Volokhov, 1937; Arapova and Gersuni,
1938). It was suggested, with some reservations, that the effect
could result from electromechanical action within the cochlea (Volo-
khov and Gersuni, 1934; Gersuni and Volokhov, 1936; Arapova and
Gersuni, 1938) or possibly from immediate action on receptor ele-

ments (Arapova et al., 1937; Andreev et al., 1938).
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More recently, Wallner (1956) concluded that electric stimuli
affected the auditory system peripheral to the auditory nerve, but in
this case the author may have been observing the effects of peripheral
electrostatic transduction as well as a cochlear effect. Salomon and
Starr (1963) elicited auditory sensations from a patient when both
direct and alternating currents were applied directly to the cochlea,
apparently reflecting an effect of the; electric stimuli on the cochlea
itself.

The possibility that an electric stimulus might affect the cochlea
had been recognized earlier (Perwitzchsky, 1930; Hallpike and Hart-
ridge, 1937). Two alternative mechanisms were hypothesized to ac-
count for experimental observations. On the basis of the subjective
response to abrupt phase changes in sinusoidal stimuli, some authors
believed that both an electric stimulus and an acoustic stimulus were
subject to the same resonant, band-pass filtering (Hallpike and Hart-
ridge, 1937; Barany, 1937; Kellaway, 1944, 1946). They hypothesized a
mechanism by which an electric signal would first be transformed into
a mechanical one in the cochlea, and then analyzed by the mechanical
system of the cochlea in the usual way, although it was acknowledged
that either mechanical or electrical resonance would account for the
experimental observations. Earlier workers had a priori conceived
of the electric current as exciting electrically-tuned sensory cells

directly (Fromm, Nylén, and Zotterman, 1935), but this possibility
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was specifically rejected by Kellaway (1946).

Some authors have rejected the idea that an electric stimulus
has any significant effect on the cochlea itself (Flottorp, 1953; Chocolle,
1954). Instead, it was proposed that in most, if not all cases, the
observed effects might be due to transducer mechanisms associated
with the particular electrodes used or with the soft tissue lining the
middle ear.

At present there is insufficient evidence in the literature to
specify the origin or the mechanism underlying linear-law perception
of electric stimuli by human subjects. One result of the present

study is the demonstration of a ''linear-law'' physiological phenomenon

associated with electric stimulation of the cochlea.

2.2.2 Electric stimulation of experimental animals.

The perceptual studies of human subjects described in the pre-
ceding section have indicated possible effects of electric stimuli on the
cochlea and auditory nerve. Few comparable electric stimulation
experiments have been conducted on the inner ear of experimental
animals, and none has been designed as a further investigation of the
effects found in humans. The types of experiment which have been
performed are discussed briefly in this section.

Effects of electric stimuli on the cochlea and auditory nerve

have been studied by monitoring neural activity at some station of the



47

auditory system and comparing response to acoustic and electric
stimuli, recording either gross neural potentials (Kiang and Peake,
1958; Peake, Teas, and Capranica, 1962; Agin and Lowy, 1962; Sim-
mons and Glattke, 1970), or single-unit discharge (Clark, 1969).

Some experimenters have observed gross responses of the brain to
direct electric stimulation of portions of the auditory nerve, the pur-
pose being to study the projections of the peripheral auditory system
on the central nervous system (Woolsey and Walzl, 1942; Tunturi, 1944,
1945, 1946; Marty and Thomas, 1963; Kayser and Libouban, 1963).
Direct electric stimulation of the nerve has also been used to estab-
lish and study activity in the efferent system (Fex, 1962; Pfalz, 1966;
Pfalz and Pirsig, 1966). In these investigations, the electric stimuli
were intended to bypass some of the signal-processing stages which
influence response to acoustic stimuli. None of these studies revealed -
response characteristics which could be a correlate of the two per-
ceptual effects observed for electric stimulation of the cochleas of
human subjects. In some of these experiments, intentional destruction
of the cochlea or the placement of the stimulating electrodes evidently
precluded this possibility; in others, the recorded neural potentials
may not have been sufficiently sensitive to differences in individual
neuron discharge which might be associated with different types of
sensation.

Some experinienters have excited the intact cochlea with cur-
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rent, usually d.c., to determine resistances of intracochlear fluids
and membranes (e. g. Békésy, 1960, pp. 654-672; Misrahy et al., 1958;
Johnstone et al., 1966). In these experiments, however, no direct
effect of the electric stimuli on the sensory function of the cochlea
was reported.

Other workers have reported effects of electric currents on the
operation of the cochlea. Tasaki ar;d Fernandez (1952) observed that
the gross cochlear potentials evoked by acoustic stimuli were modi-
fied when a direct bias current was injected into the cochlear scalae.
More recently, Konishi et al. (1970) and Teas et al. (1970) observed
that acoustically-evoked response of single auditory-nerve fibers was
modified when the cochlea was simultaneously stimulated with direct
or low-frequency (<30 Hz) sinusoidal current. The direct and slowly-
varying current waveforms used in these experiments are not analo-
gous to audible acoustic stimuli, and the results are not directly com-
parable to the effects of alternating currents found in human subjects.
The reported effects of direct currents may be a correlate of the per-
ceptions reported by Salomon and Starr (1963) or even by Volta (1800).

Although it has not been apparent in the studies described above,
the possibility that electric stimuli can have multiple effects on the
cochlea of experimental animals has been indicated by other experi-

mental evidence. In one recent study, responses of single fibers of

the cat's auditory nerve were recorded when pulses of current (shocks)
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were delivered to the cochlea (Moxon, 1967, 1968), and temporal pat-
terns of discharge were described. Figure 2.4 shows an example of
these results. The figure shows pest-stimulus-time (PST) histograms
of the response found in auditory-nerve fibers when 100 psec rectan-
gular current pulses were applied to the cochlea. It was suggested
that the large peak occurring at about 1/2 msec in the histograms in
(A), (B), and (C) resulted from the direct action of electric current on
auditory-nerve fibers. The peaks appearing between 2 and 6 msec in
the histogram in (C) are similar to the peaks found in response to
acoustic clicks in the same fiber [histogram (D)]. As indicated in
gection 2.1.6, the time patterns of click response may be due to an
oscillatory impulse response in the mechanical system of the cochlea;
consequently, the shock response in part (C) of the figure was tenta-
tively explained by hypothesizing that the electric stimulus was
actually transduced into a mechanical stimulus, and the resulting
motion excited the sensory cells in much the same way as a click.
Whether or not the actual mechanisms are as proposed, it appears
that this shock response implies two excitation process, possibly
those responsible for the two sensations experienced by human

subjects.

2.3 Outline of Thesis Research.

According to these results, when suitable response quantities



Figure 2.4

PST histograms of firings of single auditory-nerve
fiters in response to shocks and clicks.

In (A), shocks were applied across the organ of Corti
in the basal turn, with electrodes in scala media and
scala tympani. In (B), shocks were applied with
electrodes introduced into the nerve through the bony
modiolus. In (C), shocks were applied to electrodes
on the surface of the cochlea, one placed near the
round window, the other placed near the apex. Shocks
100 ysec. In (A) scala tympani negative, in (C) round
window negative. In (D), response to clicks is shown
for the same fiber whose response to shocks is shown
in (C). Click amplitude, -50 dB re 100V peak into

1" condenser earphone. (From Moxon, 1968.)

50



51

ELECTRIC STIMULATION
ELECTRODE LOCATION SHOCK LEVEL

X1-8 YOOUASH1NMN H1823-1EF
PS(T, BH:04%0 USEC 002714 RSP

SCALA MEDIA - T
4 2000 - ool RS
A SCALA TYMPANI 0.4ma 2 S

008 HSEC

X8-10 SOOUASHGS MNM183%4 - 1AB
PS; BU:04%0 USEC 000596 RSP

| UNIT 810
E; lh‘ () fifﬂ(] 200; .“;....E..A.E...‘é
MODIOLUS ’ : : ; : :
""""""" 'ob's'r'is'éc
F1135u :’E:-l'll'-“-Er‘"‘ Tnln'-' 57 F'NF
UNIT 6- .9
SURFACE OF e :
C " cocHLEA .2 ma "
s HEES
ACOUSTIC STIMULATION
STIMULUS ~ STIMULUS LEVEL

HG-3 -SUDBRCSOS H1SS3-2KL
PST BH: U"tl.l U\EC L"J L‘lk\‘- R\F'

U"U o
_ umr 6-9
p RAREFACTION -s50d8 oo

o ...Lu.“jhm

QoS ASEC



52
are measured, two components of response to electric stimulation of
the cochlea are found in the auditory nerve of the cat. It is possible
that the similarity of auditory-nerve-fiber response to shock and click
found in this experimental animal can be attributed to the physiological
mechanism which accounts for tonal sensations found when the human
cochlea is stimulated with sinusoidal electric current.

The present study is a further investigation of the effects of
electric stimuli suggested by these results. As outlined in the intro-
duction, the objectives of this study were

1) to describe effects of electric stimuli on the
response of auditory-nerve fibers

and

2) to test hypotheses concerning the origin of
these responses.

To investigate the role of various cochlear elements and pro-
cesses in the production of nerve-fiber response, discharge charac-
teristics were studied when the operation of various signal-processing
stages was experimentally modified. The general characteristics of
auditory-nerve-fiber responses are described in the first chapter of
experimental results (Chapter IV).

The origins of nerve-fiber responses were further explored in
another set of experiments. Some characteristics of nerve-fiber re-
sponse suggest that a mechanical signal occurs in the inner ear in

response to electri. stimuli. Consequently, response of the cochlea

was investigated using a mechanical detector to measure motion of
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the round-window membrane. To explore possible mechanisms under-
lying this phenomenon, mechanical response was studied in normal
cochleas and in cochleas whose normal mechano-electrical transduc-
tion characteristics had been altered. The mechanical response of the

cochlea is described in the second chapter of experimental results

(Chapter V). _
Finally, the experimental data allow some conclusions to be

drawn regarding the origin of nerve-fiber response and the origin of

mechanical response to electric excitation of the cochlea. These

conclusions are presented in the final chapter (Chapter VI) along with

a discussion of other implications of the data obtained in this study.
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CHAPTER III.

EXPERIMENTAL METHODS

The basic experimental techniques and equipment for generating
acoustic stimuli and recording the response of auditory-nerve fibers
are those described by Kiang (1965). Modifications and additions were
introduced for the study of the neural and mechanical responses to
electric stimuli. The following includes a brief description of the
important basic experimental methods, along with a more complete

description of the methods peculiar to this study.

3.1 Animals and Preparation.

For all experiments adult cats were anesthetized with an intra-
peritoneal injection of Dial (75 mg/kg) and the bulla opened and the
bony septum removed. The external auditory meatus was cut to permit
the installation of the acoustic stimulus system. In most experiments
the tendons of the middle-ear muscles were cut. To provide access to
the auditory nerve, the posterior fossa of the skull was opened and the
cerebellum gently retracted to expose the auditory nerve as it emerges
from the internal auditory meatus. When COCB stimuli were used, the
cerebellum was removed to expose the floor of the IVth ventricle.

In some cats a program of intramuscular injections of an ototoxic

antibiotic was used to produce degeneration of hair cells. The drug
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used was kanamycin, a member of the streptomycin family. The effects
of kanamycin on the organ of Corti have recently been summarized by
Kohonen (1965) and by Engstrom et al. (1966). Drug doses ranged
from 200 to 250 mg/kg per day for from 6 to 12 days. Physiological
recordings were made 19 to 163 days after the last drug injection. To
determine the condition of the hair cells, the cochleas were fixed with
osmium, dissected, and examined with a phase contrast microscope
(Engstrom et al., 1966). The damage to each row of hair cells was
assessed and estimates of the degree of degeneration were plotted as
a function of position along the basilar membrane (Kiang, Moxon, and

Levine, 1970).

3.2 Configuration of Stimulating Electrodes.

In most experiments, electric stimuli to the cochlea were deli-
vered through wire electrodes placed in a standard position on the sur-
face of the cochlea. A photograph of electrodes in place on a cat skull
is shown in figure 3.1. One electrode makes contact near the edge of
the round-window membrane; the other electrode is placed on the soft
periosteal tissue on the surface of the cochlear capsule between the
round window and the apex. Sometimes when the cochlea was suffi-
ciently mcist, the cotton around the round-window electrode was omitted
and the wire made-contact through a small quantity of liquid suspended

between the wire and the tissue. In some experiments the electrodes



Figure 3.1

Photographs of the temporal bone of the cat indicating
the placement of stimulating electrodes.

The skull of a cat was photographed through the opening
in the bulla made to provide access to the cochlea
during the experiment. View is from posterior looking
anteriorly. The bony septum separating the bulla
cavity from the middle-ear cavity has been removed.
In (a), pertinent anatomical features are indicated.

In (b), the electrodes are shown in place. The round-
window stimulating electrode has a tuft of cotton mois-
tened with saline solution (0.9% NaCl) which rests on
the rim of bone below the round window. In the experi-
ment, the other electrode contacts the moist perios-
teum on the surface of the cochlear capsule. Elec-
trodes shown are #20 stainless-steel wire.
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used were made from pieces of 1-cm-diameter glass tubing about 5 cm
long, bent and drawn to a 1 mm diameter and plugged with cotton at
the end. The tubing was filled with 0.9% NaCl and stainless-steel wires
were used to make electric contact with the electrolyte. These elec-

trodes were arranged to contact the cochlea at the standard positions.

3.3 Methods for Recording Auditory-Nerve Response.

To record the action potentials of single auditory-nerve fibers,
the animal was fitted to a head-holder which held the skull rigidly and
the preparation was placed in a sound-isolated chamber. The appara-
tus used is shown in the block diagram of figure 3.2. Acoustic stimuli
were generated using either a l-inch or 1/2-inch capacitor earphone
(Briel & Kjaer #4132 or 4134 microphone cartridge) in a closed acous-
tic system sealed into the external meatus. A calibrated probe tube
and 1/4-inch condenser microphone (Briel & Kjaer #4136) monitored
the sound pressure developed near the tympanic membrane. Clicks
were produced by 100 psec rectangular voltage pulses delivered to the
earphone. Continuous tones and tone bursts were derived from a sinu-
soidal oscillator (General Radio 1310) gated by an electronic switch
(Grason-Stadler #829). Repetition rates for clicks and bursts were
usually 10/sec, and burst duration was set to be 25 to 50 msec with a
rise-fall time of 2.5 msec. The signals were passed'through a vari-

able attenuator (Hewlett-Packard 350A) to an earphone-driver amplifier.



i
i
]
G
¥
£
]
1
P
5
¥
4
:
.

Figure 3.2

Block diagram of stimulus-generation and response-

recording equipment used for studying response of

single auditory-nerve fibers.

The equipment shown in approximately the left half of
the diagram is stimulus-generation apparatus; response-~
recording and processing stages are represented on the
right. Optional provision for shifting phase of sinusoidal
electric stimulus and provision for activating the olivo-
cochlear bundle were included only when required.
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Using the probe-tube calibration and monitor-microphone output
obtained at constant attenuator setting, attenuator ’settings could be con-
verted to sound-pressure levels. When required, phase of tympanic-
membrane sound pressure was also obtained from monitor-micro-
phone output by correcting fgr the phase ci’laracteristics of the probe
tube and microphone.

Current was supplied to the stimulating electrodes through one of
two systems. For delivering rectangular pulses of current{shocks), a
high-output-impedance, optically-coupled stimulus isolator was used.
Isolation of the stimulus prevented net flow of stimulus current through
other electrical contacts to the preparation, and reduced stimulus arti-
fact in the records of auditory-nerve activity. The high-impedance fea-
ture helped maintain constant electrode current and reduce effects of
polarization which might have occurred at the electrode metal-liquid
interface due to the non-zero dc coraponent of the stimulus pulses.
Amplitude and duration of the stimulus current pulse were adjusted by
the controls on the pulse generator supplying the signal to the isolator.
Pulse polarity was reversed by switching the output of the isolator. The
polarity convention adopted was to call current into the round-window
electrode positive.

Sinusoidal stimuli were coupled to the electrodes by means of a
wide-band audio transformer (UTC A-20). Sinusoidal current, either

continuous or in bursts, was obtained by connecting the transformer
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through an attenuator to the same sources used to generate tones and
tone bursts. A phase shifter and meter (Acton Laboratories 329B with
type C plug-in) could be included in order to vary and measure relative
phase between electric and acoustic stimuli.

For all electric stimuli, round-window-electrode terminal cur-
rent was monitored with an inductively-coupled calibrated current
probe (Tektronix type 131). Current pulse amplitude was measured
directly with an oscilloscope. For sinusoidal stimuli, current-probe
output was measured as a function of frequency at constant setting of
the stimulus attenuator. By applying the current-probe calibration,
current level at other attenuator settings could be calculated. The
phase of electrode current was also determined by a similar proce-
dure. The voltage applied to the electrodes was considered an unsatis-
factory measure of stimulus delivered to the cochlea because of uncer-
tainty of the voltage difference across the electrode-tissue interface.
For this reason current was routinely measured and used to charac-
terize the stimulus.

Electric stimulation distinct from that applied to the cochlea was
used in some auditory-nerve experiments to excite the efferent COCB
fibers. The techiijues have been described by Wiederhold and Kiang
(1970). A pair of electrodes was introduced into the COCB just below
the surface of the floor of the IVth ventricle, which had been surgically

exposed. A bipolar (doublet) stimulus waveform (100 psec positive
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pulse followed by a 100 psec negative pulse) was coupled to the elec-
trodes through an isolation transformer. Stimuli were delivered in
trains of 32 doublets, individual doublets separated by 2.5 msec.
Clicks or shocks to the cochlea were presented at 2/sec, and alternate
stimuli were preceded by the train of COCB stimuli (the last doublet of
the train preceded the stimulus by 10 msec). For bursts of tone or
sinusoidal current the alternating paradigm was not used; bursts were
presented at 10/sec and COCB stimuli accompanied each successive
burst. The doublet amplitude was adjusted either to give maximum
amplitude reduction of gross neural response to click (Ny), or to just
below the level which excited motor systems and caused the animal to
twitch.

A wire electrode which made contact with the surface of the coch-
lea near the round window was used to record gross electric responses.
The signals from this electrode were amplified and observed on an
oscilloscope to monitor the general condition of the cochlea and audi-
tory nerve.

Drawn glass capillaries of tip diameter in the vicinity of 1 ym or
less were filled with electrolyte (2 molar KCIl) for use as microelec-
trodes. The microelectrode was advanced into the nerve by means of
a micro—manipulator operated remotely from outside the chamber.
The voltage between the grounded head-holier and the microelectrode

was amplified by a unity-voltage-gain, high -/ .put-impedance amplifier
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(Instrumentation Laboratory PICO-metric amplifier). The lead wire
connecting the electrode to the amplifier was guarded. A reference
electrode of stainless-steel wire placed near the auditory nerve recor-
ded approximately the same artifact waveform resulting from the elec-
tric stimuli as did the microelectrode. The signals from the micro-
electrode and the reference electrode were subtracted in a differential
amplifier to reduce the electric artifact present in the record of audi-
tory-nerve potentials. Sometimes the signal from the differential
amplifier was low-pass filtered (at a few kHz) to further reduce arti-
fact resulting from both shocks and high-frequency sinusoidal stimuli;
spike signals were usually high-pass filtered (at a few hundred Hz) to
reduce low-frequency fluctuations of the baseline.

The spike signals were displayed on an oscilloscope and repro-
duced through a loudspeaker. Nerve-fiber discharges could be detec-
ted visually and audibly by the experimenter. A pragmatic threshold of
nerve-fiber response for a given stimulus was defined to be the lowest
stimuius level at which a pattern of response synchronized with the
stimulus could be detected using both audio and visual cues. The out-
put of the microelectrode channel and a signal derived from the stimu-
lus were recorded on magnetic tape to allow subsequent processing.

Quantitative analysis of the response pattern of nerve fibers was
performed on-line or from magnetic tape using a computer (LINC) to

compile post-stimulus-time (PST) and interval histograms. PST histo-
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grams show the relationship between spike discharge times and time of
stimulus, while interval histograms show the distribution of inter-
spike intervals (Gerstein and Kiang, 1960). The amplified microelec-
trode signal was used to trigger a pulse generator and the output of

the pulse generator signified the occurrence of a spike to the computer.
The computer was also supplied a signal indicating the time of occur-
rence of a stimulus. When the COCB was stimulated on alternate

click or shock presentations, two simultaneous PST histograms were
computed, one from responses to the stimuli which were preceded by
COCB excitation, the other from responses to the stimuli which were
not [see Wiederhold (1970)].

Another type of histogram was computed to show the time course
of discharge rate. The number of spikes in a 500 msec interval was
counted, divided by the length of the interval, and the resulting rate
plotted for successive intervals.

Histograms compiled by the computer were observed on a cath-
ode-ray tube display. When a permanent record was desired, the
display was photographed. Actual spike waveforms were photographed
for the purpose of illustration from an oscilloscope display of data

recorded on magnetic tape.

3.4 Methods for Recording the Mechanical Response of the Cochlea.

The basic system used to record mechanical response of the coch-
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lea is outlined in the block diagram of figure 3.3. For investigating
frequency-dependence of response to sinusoidal stimuli, the automated
stimulus-generation and response-recording system described by
Weiss et al. (1969) was used. Sinusoids were generated by a pro-
grammable oscillator (Wavetek model 157). For 120 discrete frequen-
cies distributed logarithmically between 20 Hz and 20 kHz, calibration
of the acoustic system was obtained and stored in the controlling com-
puter (PDP-8). On command an operating system swept frequency
through the 120 steps, at each frequency setting the oscillator output
to achieve constant level of a selected stimulus variable (e.g. constant
sound-pressure level at the tympanic membrane). To obtain fixed-fre-
quency stimuli, a manually-controlled oscillator and attenuator were
substituted for the programmed oscillator.

Sinusoidal stimuli generated by the computer-controlled oscilla-
tor were delivered to earphone and stimulating-electrode systems
which were essentially the same as described in the preceding section,
and stimulus variables were monitored in the same way. Because of
the physical arrangement of the mechanical detector over the round
window, a smaller round-window stimulating electrode (#30 stainless-
steel wire) was used in these experiments. In some experiments a
stimulating eiectrode was introduced into the cochlear scalae through
the round-window membrane.

The mechanical response of the round-window membrane was



Figure 3.3

Block diagram of stimulus-generation and response-
recording equipment used for detecting motion of the
round-window membrane.

Basic elements of the automated stimulus-generation
and response-recording system (Weiss et al., 1969)

are indicated. Tracking filter extracted fundamental
component of essentially sinusoidal response waveforms
and improved signal-to-noise ratio. Response wave-
forms could be averaged to observe waveshape with
improved signal-to-noise ratio.

67



MANUALLY
CONTROLLED
OSCILLATOR

PROGRAM
CONTROLLED
OSCILLATOR

l

!

CONTROLLING
COMPUTER

AT TENUATOR={ AMPLIFIER = EARPHONE

ACOUSTIC STIMULUS

AT TENUA

ELECTRIC STIMULUS

PLOTTER

A-D

CONVERTER

MICROPHONE

> AMPLIFIER | |
ROUND WINDOW I
MICROPHONE
ASSEMBLY
MONITOR I
MICROPHONE N SIGNAL
AMPLIFIER a9y
ROUND )] )4_ AVERAGER
WINDOW
- ELECTRODE
-9
|| WAVE |
ANALYZER L o
ISOLATION CAT L
TRANSFORMER CURRENT
CURRENT PROBE —
PROBE AMPLIFIER
. -
] ] 7 MULTICHANNEL
LOG < *|0SCILLOGRAPH
AMPLITUDE |-
CONVERTER (y-t RECORDER)
TRACKING 1
PHASE FILTER
METER ‘
TUNING SIGNAL

89



69
detected using a 1/2-inch microphone (Briiel & Kjaer #4134}, coupler,
and a plastic probe tube which could be positioned over the round win-
dow to form a ‘losed acoustic system. A diagram of this system is
shown in figure 3.4. The microphone output voltage was amplified by
a Briiel & Kjaer #2604 microphone amplifier. The frequency depen-
dence of the microphone pressure response was calibrated with an
electrostatic actuator. The magnitude of pressure response was
essentially flat to 10 kHz, and down 3 dB at 20 kHz. Using a calibra-
ted pressure source, the absolute mid-band sensitivity of the micro-
phone was measured and typically was -60 dB re 1 V/pbar, which
implies a 1 pV output voltage at 14 dB SPL. These calibrations were
used to convert microphone output voltage to pressure at the diaphragm.
Since the microphone system was principally used to determine the
ratio of round-window-membrane motion for acoustic and electric
stimuli, knowledge of the acoustic characteristics of the tube was in
general not necessary. Some further characteristics of the micro-
phone system are discussed in Appendix II.

In thi;.-', type of experiment the animal was placed in an adjustable
head-holder and positioned to allow access to the cochlea and round
window. To facilitate sealing of the microphone and tube over the
round window; the periosteum surrounding the round window was
scraped from the bone, and the surface was swabbed with cotton and

allowed to dry. The wire stimulating electrode and an electrode for



Figure 3.4

Cross-sectional drawing of the probe tube, coupler,
and probe microphone.

A Briiel & Kjaer type 4134 1/2-inch capacitor micro-
phone cartridge is coupled to the polyethylene probe
tube. The dimensions shown describe the volume of
air in the system. Total air volume, 0.075 cm3.
Equivalent microphone volume calculated from abso-
lute pressure sensitivity and from manufacturer's

specifications, approximately 0.0033 cm3.
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monitoring surface cochlear potentials were placed close to the round-
window membrane, and a ridge of cement (Grip, L.D. Caulk Co.) was
then built up around the round window and roughly shaped to fit the open
end of the tube. (The round-window electrodes were embedded in the
cement ridge.) The tube and microphone assembly was then placed
in position and a small quantity of petrolatum applied to the joint
between the tube and cement ridge, completing the acoustic seal. In
some experiments a notch was left in the ridge to allow an electrode to
be advanced into the cochlear sce;lae through the round window. In such
a case, the electrode was positioned before the tube was installed, and
a drop of petrolatum was used around the electrode, allowing it to move
while maintaining an accustic seal. A microelectrode was sometimes
introduced into the cochlea to measure the direct endocochlear poten-
tial (Sohmer, Peake, and Weiss, 1971). Sometimes, ’as indicated above,
a stimulus electrode was introduced in this way.

The effects that the procedure of scraping and cementing the bone
had on the electrical properties of the surface of the cochlea were not
investigated directly. The removal of the moist soft tissue around the
round window might be expected to increase the electric impedance of
the surface and cause a larger percentage of electrode current to flow
into the cochiea. However, when other conditions were comparable,
electrode impedances in other cochleas fell within the range of vari-

ability of those found in the scraped and cemented cochleas, suggesting
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that in both cases the major component of current flowed into the
cochlea.

Care was taken to insure that the microphone system and the
electric stirmulating system shared no common connections that could
couple stimulus signals to the electric output of the microphone sys-
tem. In particular, it was necessary to insulate the metal microphone
case from the animal's ground system inside the experimental cham-
ber. When the probe tube was occluded with a small quahtity of water
or petrolatum, it was verified that the signals recorded at the output of
the microphone amplifier were due to the acoustic output of the cochlea.

The signals of interest in this type of experiment wereall respon-
ses to sinusoidal electric and acoustic stimuli, and came from three
sources: 1) Gross round-window electrode

2) Probe microphone system

3) Current probe connected to stimulating electrodes.
The first two signals were usually accompanied by a high noise level,
and some processing was usually used to facilitate measurement of
response characteristics. Signal waveshape at a single frequency
was determined by averaging repetitive responses to improve the
signal-to-noise ratio [see Clark (1961)]. A computer (PDP-8) was
used on-line to calculate the average and the result was displayed on
a cathode-ray. tube. The display was usually photographed to obtain a
permanent record of the data.

When the response waveform was essentially a sinusoid of the
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same frequency as the stimulus, the response-recording features of
the system described by Weiss et al. (1969) were used to characterize
complex amplitude of a response in terms of its magnitude and angle.
The magnitude and angle of response were measured as a function of
frequency using the computer-controlled stepped-frequency stimulus
source described above. To extract signals from the noise, response
waveforms were filtered by an electrically-tuned band-pass filter (3 dB
width = 2 Hz) [ Spectral Dynamics model SD101A Dynamic Analyzer
(tracking filter)]. Tracking-filter output was connected to a log con-
verter (Spectral Dynamics SD112-1), which produced a dc level pro-
portional to the logarithm of signal magnitude. A phase meter (Acton
Laboratories #329B) produced a dc output proportional to phase lag of
tracking-filter output relative to oscillator voltage. The dc levels pro-
portional to response magnitude and phase were measured and stored
in digital form in a computer (PDP-8) as stimulus frequency was step-
ped from 20 Hz to 20 kHz. The data were plotted during the experiment
and stored in -digital form on magnetic computer tape. The digitized
characteristics could subsequently be manipulated in the computer to
form products and ratios of desired quantities.

In some experiments, it was of interest to observe the way sev-
eral response' quantities changed with time. In this case a constant
stimulus frequency was selected and a relay which switched between

acoustic and electric stimulus every 10 seconds could be included. The
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variables of interest were plotted on a multi-channel ink-writing
oscillograph (Brush Mark 200). Typically the variables plotted were
a combination of:
1) Magnitude and angle of filtered probe-
microphone response
2) Stimulus current magnitude
3) Magnitude of filtered round-window
recording-electrode response
and 4) Endocochlear potential.
The filtering of the probe-microphone output was performed by the
tracking filter; filtering of the signal from the round-window recor-
ding electrode was performed by the narrow-band (3 Hz) filter of a
conventional wave analyzer (Hewlett-Packard 302A) connected to the
oscillograph.
In some experiments recording continued while asphyxia was
established by clamping the tracheal cannula or while the animal was

sacrificed by injection of 1 to 2 cc of anesthetic into or around the

heart.

3.5 Characterization of Sinusoidal Signals.

This section describes the methods of specifying sinusoidal sig-
nals used in this study. Some elementary discussion is included for
completeness and clarity.

A signal of the form

s(t) = Re {S‘(f)ejZ'let}

has usually been conveniently characterized in terms of its complex
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amplitude S, a function of frequency. This complex amplitude has
been expressed in terms of its magnitude |S| and its angle in degrees
S , so that
. 2m /S
s = |s|e’ 360
For quantities such as voltage, current, pressure, and velocity,

magnitudes (levels) have been expressed in dB as

\
" 20egy, (1)
Oglo ISref'

where |Sref| is a reference level. Reference levels are usually

given in terms of rms (effective) values

|Sretl rms J2Z

refl

Thus, for example, specification of a current magnitude ( |I| ) as
-20 dB re 0.7 mA rms means that the current i(t) had an rms value of
0.07 mA, or a peak value |I| of 0.1 mA.

By convention, the level of a gated sinusoid, such as a stimulus
tone burst, has been defined as the level attained by the sinusoid
during the gated period. Thus the level of a tone burst is the same as
the level of the corresponding pure tone.

Signal p'haaea have been specified with respect to a reference
signal such as a stimulus variable. In measurements of phase angles

in the sinusoidal steady state, there is always an ambiguity of an
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integral multiple of 360°. All phase data presented below have been
plotted within an arbitrary 360° range. One consequence of this pro-
cedure is that data which would describe a smooth phase curve on a
scale extending over several multiples of 360° contain discontinuities
when plotted within 360°.

According to the above definition,- a positive angle represents a
lead, and a negative angle a lag. Note that according to the convention
for plotting, 0° = 360°, +180° = -180°, and +90° = -270°,

Products (and ratios) of complex amplitudes were formed by
adding (subtracting) their magnitudes in dB and angles in degrees;
resulting magnitudes are specified in dB referred to the product (ratio)
of the constituent reference levels. For example, when a sound pres-
sure at +20 dB re 0.0002 dvnes/cm? rms and of a given phase is divi-

ded by a current at -10 dB re 0.7 mA rms lagging the pressure by 90°

0.0002 dynes/cm?2

(-90° phase), the quotient magnitude is +30 dB re
0.7 mA

and the quotient angle is +90°. When ratios of two quantities measured
in the same units are formed, the magnitude of the ratio is expressed

in dB, with no reference specified.
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CHAPTER 1V,

AUDITORY-NERVE-FIBER RESPONSES TO
ELECTRIC STIMULATION OF THE COCHLEA

In the results presented in this chapter, the interaction of elec-
tric stimuli with the electrical and electromechanical systems of the
cochlea and auditory nerve is describeti in terms of the response of
auditory-nerve fibers. The first major division of the chapter is a
description of the characteristics of response to simple electric-
stimilus waveforms, including short rectangular pulses (shocks) and
continuous and interrupted sinusoids. The second subdivision of the
chapter describes experiments which bear on the problem of the ori-

gins of the observed responses.

4.1 Characteristics of Responses to Analogous Electric and Acoustic
Stimulus Waveforms.

4.1.1 Shock and click.

The background material of Chapter II (figure 2.4) showed an
example of nerve-fiber response to shock. The fiber in the example
exhibited several preferred firing times (several peaks in the PST
histogram), including a prominent peak at short latency (=~ 0.5 msec)
and other, smaller peaks which bore a resemblance to the click re-
sponse of the fiber. The purpose of this section is to-describe some

further characteristics of patterns of nerve-fiber response to shocks.
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Figure 4.1 shows an example of the way fiber response pattern
depends on level of shock and click stimuli. For the lowest level of
shocks shown [in (d)], response latency is about 1.5 msec, which is
approximately the latency of response to clicks [(b), (c)]. [The click
response shows a single peak, as is always the case for high-f. fibers
(Kiang, 1965). ] For higher current levels, in (e) and (f), the histo-
grams show an additional peak at short latency. The range of laten-
cies of the spikes which constitute this peak in the histogram is only
160 psec, while the latencies of spikes which constitute response to
clicks are distributed over a range of about 1 msec. In the histogram
of (d), no short-latency spikes occur, but in (f), shocks of twice the
amplitude (6 dB higher level) evoke short-latency response every time
a shock is presented.

The spikes which occur at these two latencies evidently repre-
sent two separate response components since 1) they have different
thresholds and 2) they depend on stimulus level in different ways. The
two components of response to shock are distinguished primarily on
the basis of latency. For identification purposes, the component of
response to shock which occurs at a latency of about 0.5 msec will be

designated the a-component, and the remaining response will be desig-

nated the p-component [see histogram (f)].

The 1.5 msec click latency of the fiber shown in the figure is

representative of the shortest latency found in auditory-nerve fibers



Figure 4.1

PST histograms of fiber response to clicks and shocks
at three levels.

In (a).(b), and (c), histograms of response to three
amplitudes of rarefaction click. Click level expressed
as dB re 100 V peak into 1-inch condenser earphone.

In (d), (e), and (f) response patterns are shown for three
levels of shock, along with examples of spike voltage
waveform. [Photographs of superimposed responses,
two in (d), three in (e) and (f).] Positive voltage plot-
ted as a downward deflection; 3-dB recording bandwidth
80 Hz-1 kHz. In (f), o and B denote response compo-
nents. Negative current polarity indicates negativity of
round-window electrode. Shocks and clicks at 10/sec,
100 pysec duration. Each histogram computed from
response to 200 identical stimuli. Note the difference
in stimulus increments for clicks and shocks. Fiber
30-22, fC = 9.1 kHz, tone threshold = 3 dB SPL, spon-
taneous discharge rate = 42/sec.
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(Kiang, 1965); the figure shows that the click-response latency and B-
component latency are about the same. The 0.5 msec a-component
latency shown is typical of the shéck response of all auditory-nerve
fibers. This a-latency is much shorter than the latency of the click
response in any fiber. _

When fibers of low characteristic frequency were electrically
stimulated, other similarities were found between click response and
the B-components of shock response. The click responses of low-f_
(< 5 kHz) fibers sthv several preferred times of firing (several peaks
in a PST histogram) which are spaced by about 1/f_ (Kiang, 1965).

For clicks of equal amplitude but opposite polarity, the preferred
firing times are displaced by about% ;’—, and the peaks of PST histo-
grams for opposite polarity are interleaved.

The B-component of response to opposite polarities of shock
showed similar characteristics. An example is shown in figure 4.2.
At the shock level shown, the response showed only a B-component.
The peaks of the response to negative shocks in the histogram in (b)
occur between the peaks of the response to positive shocks in the his-
togram in (a).

For comparison, the response of the fiber to a moderate-ampli-
tude rarefaction click is shown in (c). The click response and the two
shock responses, which are entirely B-component, show inter-peak

intervals of about 0.6 msec, or approximately 1/f.. This relationship



Figure 4.2

PST histograms of fiber response to shocks of opposite

polarity.

In (a) and (b), response to 200 pusec, 350 pA shocks;

in (a), round window positive, in (b) round window
negative. In (c), response to rarefaction click.

Clicks 100 psec, -65 dB re 100 V peak into l-inch ear-
phone. Clicks and shocks at 10/sec. Each histogram
computed from response to 600 identical stimuli.

Fiber 21-19, fC = 1.6 kHz, tone threshold =5 dB SPL.
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which is a property of click response is also a property of the B~com-
ponent of response to shock.

In many fibers, the B-component of shock response was not
observed, possibly because threshold for producing detectable p-com-
ponent in these fibers was too high. It was observed that fibers in
which the B-component was detected were those which also showed the
lowest thresholds for acoustic stimuli. It should be noted that the data
shown in figures 4.1 and 4.2 were obtained from such fibers, and there-
fore these results represent examples of possible rather than typical
response. In most fibers, the a-component showed the lower thres-
hold, and even the highest shock amplitudes employed (2 to 3 mA) pr‘o-
duced no discernible B-pattern.*

The a~-component of shock response was found in all fibers. The
plot of figure 4.3 shows o-component threshold for fibers of different
characteristic frequency. These data show no systematic trend in
threshold as a functiou of f.. At a given frequency, different fibers in
the same animal exhibit threshold differences as large as the differen-
ces observed across the range of f..

The data indicate that the o-component of response is about the

same for all auditory-nerve fibers. On the other hand, the time pat-

This upper limit on acceptable current amplitude was dictated by
non-auditory responses of the preparation to the electric stimulus
(see Appendix III),



Figure 4.3

Threshold for a-component of response to shock plotted

against f. for 19 fibers from 2 cats.

Threshold was defined as amplitude of electrode cur-
rent which produced short-latency (o-component)
response for approximately half the stimuli as judged
from the oscilloscope display of the spikes. Shock
duration, 100 psec, round window electrode negative.
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terns of B-component are different in different fibers, and the similari-
ties of B-component and responses to clicks indicate that production of
B-component shares at least some of the frequency-selective proces-
sing stages of the cochlea which influence the response to acoustic

stimuli.

4.1.2 Bursts of sinusoidal current and tone.

An important characteristic of auditory-nerve fiber response to
tone is the unique frequency selectivity which each fiber exhibits.
This frequency-selective behavior is represented in the t‘uning curve,
a plot of response threshold as a function of frequency.

Auditory-nerve-fiber response to bursts of sinusoidal electric
current was also a function of frequency and level, and tuning curves
for electric stimuli could be obtained using the same procedures used
to determine tuning curves for tones [Method I described by Kiang
(1965, p.86)]. Examples of nerve-fiber tuning curves for both elec-
tric and acoustic stimuli are shown in figure 4.4. The tuning curves

for tone have a2 minimum at the characteristic frequency, f., and rise

c
more sharply on the high-frequency side of f. than the low-frequency
side. For each of eight of the fibers represented, the electric tuning
curve contains a V-shaped segment which is similar to a segment of

the acoustic tuning curve; the similarity has been emphasized by shift-

ing the vertical position of the two curves so that the V-shaped segments
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Figure 4.4

Tuning curves for sinusoidal electric and acoustic
stimuli for 9 fibers from one cat.

For both stimulus types, stimulus waveform was a 30
msec burst of sinusoid, rise-fall time 2.5 msec, pre-
sented at 10/sec. Data points were obtained by setting
a level of stimulus on an attenuator and varying oscil-
lator frequency until a ''threshold' response was detec-
ted using audio-visual cues. For all but one fiber
shown, a region of frequency exists for which both
acoustic and electric curves show similar V-shape.
V-shaped segments of curves have been superimposed
by aligning scales so that minima in the two curves for
each fiber coincide vertically. Numbers at the right
of each set of curves indicate the intercept of the cur-
rent reference level (0.7 mA) with the sound-pressure
axis. The fiber in (i) shows no V-shaped segment in
the electric tuning curve; in this case the vertical axes
have been aligned by equating the current reference
level to 60 dB on the sound pressure axis, since other
fibers of f_. > 4 kHz show intercepts of 58 to 63 dB.
Two segments of electric tuning curves can intersect to
form a sharp corner, as in (f). For curves in which a
data point did not describe the intersection, the sharp
corner was not described; consequently no line has been
drawn to connect the V-shaped segment with the other
curve segment(s).
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superimpose. The frequency at the minimum of the V-shaped seg-
ment of the electric tuning curve is a characteristic of response to

current and will be designated the electric characteristic frequency,

f.e- Evidently because threshold was not explored at sufficiently high

current levels, the fiber represented in (i) shows no V-shaped electric
tuning-curve segment, and consequently no f_ .. For all the fibers, the
segment(s) of the electric curves which depart from the V-shape show
a threshold which rises with increasing frequency with a slope of 10 to
20 dB per decade. For identification purposes, the V-shaped segment
of an electric tuning curve which resembles a portion of the acoustic
tuning curve for that fiber will be designated SI' and the remaining
segment(s) of the electric tuning curve will be designated Syj.

Figure 4.5 shows superimposed plots of electric tuning curves.
On the basis of shape, segments of each curve have been identified and
are represented by different symbols. The figure shows that the Sy
portions fall fairly close to one another, both for different fibers within
a cat and for fibers in different cats, even though the Sy portions (and
the acoustic tuning curves) for these fibers are markedly different.
The figure shows that the frequency dependence of Sjj is nearly the
same for all auditory-nerve fibers, and at any one frequency the abso-
lute levels of Sy; vary by at most 15 dB.

For sinusoidal electric stimuli at levels above the threshold indi-

cated by their respective tuning curves, fibers responded with a dis-
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Figure 4.5

Composite plots of tuning curves for electric stimuli
for two cats.

In (a), electric tuning curves of figure 4.4 are replotted
along with 4 additional curves from the same cat. In

(b), 13 electric tuning curves from another cat are
shown. Tuning-curve segments have been distinguished
on the basis of shape. For each curve, V-shaped seg-
ment (S) is shown by circles and solid lines. Remaining
curve segment(s) (Sy) are shown by crosses and dashed
lines. In (b), curves for two fibers (f, = 24.1 kHz and

f. =0.12 kHz) have no 51 segment. A line of slope 20
dB/decade is shown for comparison with Sj; segments.
Numbers associated with each S; segment are fiber serial
numbers.
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charge rate which was greater than the rate of spontaneous activity.
However, the detailed characteristics of the response were different
at different points in fiber response areas. In particular, the two
types of tuning-curve segment distinguished on the basis of shape in
figure 4.5 define the threshold boundary of two distinct regions of the
response area of each fiber. These regions are associated with two
distinct classes of response which can be distinguished on the basis of
characteristics of discharge. These two response classes will be
designated Class I and Class Il responses. The remainder of this
section and the following section are concerned with description of the
characteristics which distinguish Class I and Class II responses.

An example of Class I response of a fiber to 30 msec bursts of
both electric and acoustic stimuli is shown in figure 4.6. Both histo-
grams show that, on the average, the fiber discharges throughout the
presentation of the burst, showing a large number of initial discharges,
corresponding to the onset of the stimulus. Both also show a reduced
number of discharges occurring immediately after the cessation of’the
burst. These characteristics are typical of the response of auditory-
nerve fibers to tone bursts (Kiang, 1965); the histograms show that the
Class I response to the electric stimulus and the response to tone
exhibit the same time patterns of discharge.

Figure 4.7 shows the way responses of this fiber depend on fre-

quency and level of current in the two regions of the response area and
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Figure 4.6

Histograms of fiber response to bursts of sinusoidal
acoustic and electric stimuli (tone bursts and current
bursts).

Each PST and interspike-interval histogram computed
from responses to 100 identical stimuli. Stimuli in (a),
bursts of tone at the frequency of maximum tone sensi-
tivity (10.23 kHz); stimuli in (b), bursts of current at the
frequency of maximum current sensitivity (10.33 kHz).
Level of each stimulus was 20 dB above threshold. PST
histograms are synchronized with the pulse to the elec-
tronic switch which formed the bursts, time reference
approximately 2.5 msec before onset of bursts. Bursts
at 10/sec, rise-fall time 2.5 msec, duration 30 msec.
(Envelope of voltage waveform applied to earphone and
electrode systems is shown below PST histograms.)
Inset in each PST histogram is a photograph of the vol-
tage waveform of spikes occurring during a single stimu-
lus presentation. Downward deflection represents posi-
tive voltage at the recording electrode; 3-dB recording
bandwidth 800 Hz - 2 kHz. Peak spike amplitude in (a)
approximately 1 mV, in (b) approximately 3 mV. Gradual
changes in recorded spike amplitude generally occur but
do not affect the temporal pattern of discharge [see
Kiang (1965)]. Fiber 44-71, spontaneous discharge rate
approximately 50/sec. |
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illustrates the differences between Class I and Class II responses.
For comparison, responses to the analogous tone bursts are also
shown. For the 10 kHz electric and acoustic stimuli [histograms in
(a) and (b)] the histograms show that patterns of response are similar
at three levels shown. The histograms in (b) depict Class I response;
both the time pattern of discharge and the dependence of pattern on
level are similar to the response to the analogous acoustic stimuli.

At 7 kHz, the electric stimuli evoke Class II response [histo-
grams in (d)]. Comparison with the response to 7 kHz tone bursts
[(c)] shows distinct differences in the Class II discharge .pattern and
the pattern evoked by acoustic stimuli. It is evident in the histograms
of (d) that the 1 dB increments of electric stimulus produce an increase
in the number of responses comparable to that produced by the 10 dB
steps of acoustic stimulus [histograms of (a) and (c)]. Such rapid
change of response pattern with stimulus level is never found with
acoustic stimuli and is a characteristic of Class II response to elec-
tric stimuli.

At the highest 7 kHz current level shown [bottom histogram in
(d)], distinct peaks are visible in the PST histogram, but there are no
corresponding peaks in the histograms of tone response in (c). Multi-
ple peaks have not been described in auditery-nerve-fiber response
patterns for tone at frequencies as high as 7 kHz. Although discernible

peaks do occur in PST histograms for fibers driven with low-frequency
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Figure 4.7

Histograms of response to tone bursts and of Class I
and Class II response to bursts of sinusoidal current.

Data are from the same fiber represented in figure 4.6
At each frequency, response was recorded at three
levels for each stimulus type. At each stimulus level,
PST and inter-spike interval histograms were com-
puted. Stimuli in (a), tone at'10.23 kHz (f.), and in

(b), current at 10.33 kHz (f..). Tone in (c) and current
in (d) at 7 kHz. Note stimulus level increments in (d)
are 1 dB; other increments, 10 dB. Each histogram
computed from response to 100 stimulus presentations.
Bursts at 10/sec, 30 msec duration.
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(< 5 kHz) tone, the pattern is due to synchrony of spikes with indivi-
dual cycles of the tone, and the spacing of peaks is equal to the period
of the stimulus. The spacings of the peaks of the Class II response
pattern visible in the figure are between 2 and 5 msec, while the period
of the stimulus is about 140 ysec. The corresponding inter-spike inter-
val histogram shows a bimodal interval distribution. The peaks in the
histogram éhow a large number of intervals of from 2 to 4 msec, and a
smaller number of intervals of about 1 msec. The fiber shows repeti-
tive, quasi-periodic firing in response to the stimulus current, and the
intervals are not simply related to the stimulus. Repetitive, quasi-
periodic firing is a property of Class II response of all fibers and
occurs for bursts of electric stimuli whose frequency is greater than a
few kHz and whose level is a few dB above the Sy portion of the thres-
hold curve.

The data of this section have illustrated typical characteristics of
auditory-nerve-fiber response to short bursts of sinusoidal electric
stimuli. Class I response resembles response to tone bursts in the
following characteristics:

1) temporal distribution of discharges (indicated by
PST and interval histograms)

2) dependence of temporal distribution and number
of discharges on stimulus level

and 3) frequency-dependence of threshold (tuning curve).

Class Il response is distinguished by:

1) repetitive, quasi-periodic firing during bursts of
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high-frequency current, with preferred intervals
which do not correspond to the stimulus period
2) rapid change of temporal distribution and number
of discharges with current level
and 3) threshold that is a gradual function of frequency
and is similar in all auditory-nerve fibers.

Class II response characteristics are not duplicated in response to

analogous tone bursts.

4.1.3 Maintained sinusoidal current and tone.

Further distinctions between Class I and Il nerve-fiber re-
sponses were observed when the cochlea was stimulated with main-
tained sinusoidal currents (bursts of one-minute duration). An
example is shown in figure 4.8. Part (a) of the figure shows the
tuning curve of a fiber determined in the usual way using 30-msec
bur.f;ts of sinusoidal current to determine threshold, and points b, c,
and d in the response area indicate the frequency and level of three
stimulus sinusoids. The histograms in (b), (c), and (d) show fiber
discharge rate as a function of time during a one-minute presentation
of each corresponding stimulus.

The histograms in (b) and (d) were computed from the responses

to stimuli which fall just above the Sy portion of the tuning curve and

illustrate Class II response. Discharge rate is high immediately after
the stimulus is applied and declines over tens of seconds to a final

rate much lower than the initial value. The stimuli which evoke the
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Figure 4.8

Time course of Class I and Class Il discharge rate in
response to maintained sinusoidal electric current.

In (a), tuning curve of the fiber determined using bursts
of sinusoidal current according to the standard proce-
dure. In (b), (c), and (d), histograms of discharge rate
plotted after the onset of 1-minute presentations of sinu-
soidal current. Triangles in (a) show location of stimuli
in (b), (c), and (d). In (b) and (d) stimuli are a few dB
above Syj threshold. Response in (b) and (d), Class II;
in {c), Class I. Fiber 40-9, f. = 6.4 kHz, spontaneous
discharge rate approximately 8/sec.
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high initial rate are only a few dB above threshold. * Histogram (c)
shows the discharge rate evoked by the stimulus which falls within the
V-shaped portion of the tuning curve and represents Class I response.
The rate shows a slight decline during the first few seconds, but then
shows little systematic change during the remainder of the one-minute
stimulus presentation. The time course of Class I discharge rate is
similar to the response to continuous tone (Kiang, 1965).

The photographs of figure 4.9 show samples of the spike trains
whose rates were plotted in figure 4.8. In the photographs of (a) and
(c), the change in Class II discharge rate is apparent. In both cases
the later records contain many fewer spikes per unit time than the
first. In (b), the Class I spike train appears unchanged throughout
the one-minute sample period. The upper photograph in {a) and (c)
shows the appearance of spikes during the initial period of rapid
Class II discharge, and the inter-spike intervals appear to be more
regular than those in (b), showing fewer very short (< 2 or 3 msec)
or very long (> 1,0 msec) intervals. The quasi-periodic firing pattern
is only evident when discharge rate is high, immediately after the on-

set of the current. At the lower rates attained later in the stimulus

* The decay of rate from an initial high value to a low maintained value

should not be confused with the transient component of response to
short burst stimuli described earlier. The latter changes over tens of
msec, while the change of rate in histograms (b) and (d) occurs over
tens of seconds.



106

Figure 4.9

Photographs of the discharges from which data of figure
4.8 were computed.

Photographs represent 200 msec of discharge sampled
at 15 second intervals during each 1-minute stimulus
presentation. In (a) and (c), Class II response; in (b)
Class I response. Positive voltage represented by a
downward deflection; 3-dB recording bandwidth 800 Hz-
1 kHz. Broadening of baseline in (a) due to incomplete
suppression of the 3.65 kHz stimulus waveform recorded
by the microelectrode.
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presentation [lower photographs in (a) and (c)], firing is no longer so
clearly regular.

The change of firing rate (figure 4.8) and the initial quasi-
periodic firing pattern (figure 4.9) are both characteristics of Class II
response to maintained high-frequency sinusoidal current just above
Syj threshold. These characteristics further distinguish Class I from
Class II response.

At low stimulus frequencies, nerve-fiber response to tone
characteristically shows discharges synchronized with cycles of the
stimulus. Figure 4.10 shows the response patterns of a low-f_ fiber
for low-frequency sinusoidal current. The two lower levels of elec-
tric stimulus [in (d) and (e)] produce Class I response; the PST and
interval histograms show discharges synchronized with the stimulus
sinusoid and are similar to the histograms of response to tone, shown
in (a) and (b). However, an increase of current level of only 2 dB
changes the pattern significantly [histograms of {f}]. Prominent,
narrow peaks not present at lower levels are seen in the PST histo-
gram; the corresponding interval histogram shows a large peak at
about 3 msec, indicating spikes occurring on consecutive cycles of the
current. Because the time pattern represented by the sharp peaks in
the histograms of (f) is not similar to that evoked by tone, this re-
sponse is classified as Class II response. The large number of addi-

tional responses evoked by the additional 2 dB of current level is a



Figure 4.10

Histograms of response pattern of a low-f. fiber to
three levels of tone and sinusoidal current.

Zero time in PST histograms is derived from positive
zero crossing of the voltage applied to the earphone or
stimulating electrodes. These histograms show the
temporal distribution of fiber discharge within two
cycles of the stimulus waveform. For reference, sti-
mulus waveform is shown below each column of PST
histograms. Interval histograms computed from the
same data are shown to the right of each PST histogram.
Histograms in (a), (b), and (c) computed from response
to tone, and in (d), (e), and (f) from response to sinu-
soidal current. At each level, stimulus was continuous
throughout the 20-second presentation period. In (c)
and (f), additional interval histograms computed at
higher resolution show distribution of shorter intervals
more clearly. The stimulus level increment between
(e) and (f) is 2 dB; other level increments =5 dB. Fiber
40-35, f_. = 340 Hz.
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parallel of the Class II respo:ise behavior shown for burst stimuli in
figure 4.7(d).

In figure 4.11, examples of electric and acoustic intensity func-
tions show explicitly the relationship between number of discharges
(discharge rate) and stimulus level. For three fibers [in (d), (e), and
(f)], the electric intensity function is similar to the acoustic intensity
function over a 30 to 40 dB range of level. For the others, the electric
curve departs from the contour described by the acoustic curve, rising
to high rates for increases of only a few dB. For the two fibers with
lowest f [in (a) and (b)], the curves rise abruptly just above threshold.
In (c), the electric curve resembles the acoustic curve at low levels,
but departs dramatically from it with a sharp rise at about 15 dB above
threshold. ¥

.The range of level over which electric intensity functions are
similar to acoustic intensity functions is at least 30 dB at high fre-
quency [in (d), (e), and (f)], but is essentially non-existent at low fre-
quency [in (a) and' (b)]. As a function of frequency, this range corre-
sponds approximately to the range between threshold at f.e and the

Sy1 threshold curves shown in figure 4.5.

* Note that the average rates plotted were formed by counting spikes
over 20-second periods of continuous stimulation. At levels where
the electric curves depart from the acoustic curves, the average
rates may be appreciably less than the maximum instantaneous rates
(see figure 4.8).
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Figure 4.11

Discharge rate plotted against level of acoustic and
electric stimuli.

Data for 6 fibers from one cat are represented. Each
point was obtained by counting the number of spikes
occurring during a 20-second presentation of sinusoidal
stimulus. Horizontal stimulus-level scales were aligned
for each fiber by equating the levels of tone and current
at subjectively-determined threshold. Lowest stimulus
level in each curve is 10 dB below threshold. For each
fiber stimulus frequency was f..
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Figures 4.10 and 4.11 show that the range of level for which
Class I response at { ., resembles response to tone is limited. As
current is raised to a sufficiently high level, the response takes on
characteristics which are not similar to the response to tone, that is,
Class Il response. The transition occurs at current levels which are
within the range of the Syj thresholds of other fibers (figure 4.5). *

Thus the Syy curves of figure 4.5 divide the current-level cur-
rent-frequency plane into two halves. In the lower half-plane, auditory-
nerve fibers exhibit Cli. ss I response, which resembles the response
to tone in both tuning and discharge characteristics. In the upper half-
plane, all fibers show the distinctive Class II response, which is dis—'
tinctly different from response to tone. The data show that at a given
frequency the exact level at which this division occurs can vary by 15

dB ai.ong different fibers.

4.1.4 Simultaneous bursts of sinusoidal current and tone.

Because the responses to tone and Class [ response to electric

stimuli are similar, it is possible that both stimuli develop the same

* Note that the difference between threshold levels for Class I and
Class II responses was generally small at extremes of characteristic
frequency (> 20 kHz, <2 kHz). For some fibers in these ranges,
threshold for Class II response was evidently lower than the Class I
threshold; in these fibers no Class I characteristics were observed.
However, for fibers of characteristic frequency between about 2 and
20 kHz, electric stimuli always evoked Class I response.
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effective stimulus at some point in the linear stages of cochlear signal

processing, prior to the stage at which stimuli are encoded into nerve-
fiber discharge. If so, acoustic and electric stimuli which produce
equal and opposite effective stimuli should combine to produce zero
net effective stimulus, and no resultant nerve-fiber response.

This hypothesis was tested experimentally by using acoustic
stimuli to cancel response to electric stimuli. For fibers of different

f., the characteristic frequency and threshold for both current and

cr
tone bursts were first determined. Current-burst level was then
raised, usually to a point 10 to 20 dB above threshold, and the acous-
tic stimulus was applied simultaneously. By varying the level and
phase of the acoustic stimulus relative to the electric stimulus, it was
possible to reduce the number of nerve-fiber discharges to the point
that no response pattern could be detected audio-visually.

An example of the patterns of fiber response to null and near-
null conditions is shown in PST histograms in figure 4.12 (a). At the
null point (histogram at 33 dB SPL and -280°) there is far less re-
sponse than for either tone or current alone [histograms (b) and (c)],
and the pattern approaches the pattern of unstimulated (spontaneous)
activity [histogram (d)]. The adjustment of level and phase for can-
cellation was found to be quite critical, and as indicated in part (a) of

the figure, a 2 dB or 10° departure from the null point produced an

appreciable response.
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Figure 4.12

Histograms of fiber response to simultaneous bursts
of sinusoidal electric and acoustic stimuli.

In (a), at 11.2 kHz (fce), bursts of current were pre-
sented at fixed level (-27 dB re 0.7 mA rms, 15 dB
above threshold) and level and relative phase of simul-
taneously-applied tone bursts were varied. Histograms
show pattern of response as a function of tone level and
phase difference. Phase angle shown is angle of the
round-window-electrode current referred to the sound
pressure at tympanic membrane. In (b), histogram of
response to tone alone at 33 dB SPL, and in (c) current
alone at -27 dB; in (d) histogram of spontaneous acti-
vity. Each histogram compiled from 30 seconds of
data, or approximately 300 stimulus presentations.
Fiber 49-7, f. =11.1 kHz, spontaneous discharge rate =
75/sec.
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Since the response pattern in the vicinity of the null was so sen-
sitive to level and phase, the null condition was easily detected audio-
visually, and histograms were not routinely computed to determine
the null point.

The relationship of absolute level of the two stimuli which pro-
duced null was studied in one experiment. Once null had been
achieved, oﬁe stimulus was raised or lowered by 5 to 10 dB and the
other stimulus level was adjusted to re-establish null. No significant
differences were found in either the relative level or phase of the two
stimuli required to maintain the null condition. This result suggests
that the electric stimulus does establish an effective stimulus in lin-
ear stages of the cochlea, which in turn generates Class I nerve-fiber

response.

4.1.5 Equivalence of sinusoidal acoustic and electric stimuli based
on Class I nerve-fiber response.

The data presented in the preceding sections have shown that
Class I response of single auditory-nerve fibers is essentially equal to
the response to a suitably chosen tone. A sound pressure P4 and an
electrode current I, which produce equal responses will be defined to

be equivalent stimuli. Two stimuli which have equal but opposite

effect, such as in cancellation experiments, will be called anti-equi-

valent. A quantitative relationship between equivalent pressure and

current stimuli can be derived from characteristics of auditory-nerve-
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fiber response.

Since threshold stimuli produce equal, just detectable responses,
one measure of the magnitude of equivalent acoustic and electric stim-
uli is threshold level of tone and current. In figure 4.13 (a) and (b),
tone threshold at f_ is plotted at f_ for a sample of fibers from two
cats. For fibers of nearly the same fc’ the thresholds all lie in a rel-
atively narrow (~ 20 dB) range of sound-pressure level, as described
by Kiang (1963). The plots of (c) and (d) show current threshold at f_,
for “..e same fibers and these points show a comparable spread. The
figure shows that the distribution of threshold as a function of frequency
is somewhat different for the two stirmulus types, indicating a frequency-
dependent difference in the effectiveness of the two stimuli.

The difference is shown explicitly in the plots of figure 4.14.

For each fiber the level {(magnitude) of threshold sound-pressure |Pc§|
is divided by the level of threshold current II;I to form a quotient
|4

| 16 |

- The figure shows vulues of Ithl for each fiber plotted at f,. The

lof| =

. *
solid lines are smocuth curves fitted to the data points. These data

Although values of |th| obtained for different fibers of comparable
fc differ by as much as 20 dB, it is possible that these differences
could be due to measurement errors, rather than actual differences
in the value of this function for different fibers. The threshold values
IPCH and llgl are based on subjective detection of a response signal
in the precsence of background activity. Since response near threshold



Figure 4.13

Plots of tone threshold at f; and current threshold at
fce for fibers from each of two cats.

In (a) and (b), a circle represents the tone threshold at
f,. for a fiber whose current threshold at f_, is plotted
in (c) or (d). A triangle indicates tone threshold at f_
for a fiber for which no f_, could be found. For such
fibers having high f. and high tone thresholds at f, it
may be that an f., and a current threshold at f., could
have been found if higher current levels had been used.
For such fibers having low f., only Class Il response

was found and consequently f_., could not be determined.
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Figure 4.14

The magnitude of the ratio of equivalent stimuli Ithl
based on fiber threshold for tone at fo and threshold
for current at fee.

The ratio of threshold tone level to threshold current
level is plotted at f. for fibers whose thresholds are
shown in figure 4.13 (circles). Solid curves were
obtained from the data points by plotting at each f. the
average magnitude (in dB) of all points within an octave
band centered at f..
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indicate that the magnitude of the ratio of equivalent current and pres-
sure is about the same in different animals.

These ratio data represent the sound-pressure level required to
equal the effect of constant current level for fibers of different f.. It
should be emphasized that these ratios pertain only to Class I response,
and in applying this result, the threshold of Class II response must be
kept in mind. For example, the curves éuggest that above 2 kHz the
reference current level (0 dB re 0.7 mA rms) would be equivalent to a
tone at about 60 dB SPL. However, since an actual 2 kHz current of
0.7 mA would evoke Class II response (see figure 4.5), the response of
the nerve fibers to this stimulus would not duplicate the response to
tone, and at this high level, the stimulus equivalence based on Class I
response does not completely characterize the response of auditory-
nerve fibers. However, these data do indicate that response to a 2 kHz
current at -20 dB (re 0.7 mA rms) would equal response to a tone at
40 dB SPL.

Another measure of equivalent stimuli is provided by the para-

_ meters of pressure and current which combine to produce no nerve-
fiber response (null). The stimulus parameters at null define com-

plex amplitudes of anti-equivalent pressure and current; by shifting the

is not very sensitive to small increments of stimulus level, errors of
several dB could occur in each measurement and, therefore, in the
ratio points in figure 4.14. Thus a smooth curve describing |th| was
formed by averaging the data to reduce the effects of these errors.
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phase of either by 1809, anti-equivalent stimuli are converted to
equivalent stimuli. Figure 4.15 shows the magnitude and angle of the
complex ratio of equivalent pressure and current as determined from

cancellation data,

pc

QL = —( d ) (¢ = "at cancellation'")
f 1.6
e

Comparison of the plotted points with the solid curve (replotted from
figure 4.14) shows that the magnitude ratios are essentially the same
as the magnitude ratios based on thresholds. The data show that,
above 3 kHz, current is equivalent to a constant sound-pressure level,
and pressure leads current by larger angles as frequency increases.

The stimulus parameters required to produce null depended only
on stimulus frequency,' and not on characteristics of the responding
nerve fiber. For example, figure 4.16 shows angles of equivalent
sound pressure and current determined at frequencies other than f_,.
These angle data are not significantly different from the angles deter-
mined for other fibers at f.,. Although the absolute stimulus levels
at cancellation were in general different (-10 to -25 dB re 0.7 mA
rms, 10 to 20 dB re threshold), the variations of angle at any given
frequency are within 10 to 20 degrees. These data show that, for
different fibers and different absolute stimulus levels, a given fre-
quency required a particular phase for cancellation.

The cancellation method of specifying stimulus equivalence pro-
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Figure 4.15

The complex stimulus equivalence ratio ch based on
cancellation of nerve-fiber response.

Data from two cats are shown. Each point represents
measurements from a different fiber. For each fiber,
f.e and threshold at f., were determined. Then bursts
of sinusoid at f., and at fixed level, usually 15 dB above
threshold, were presented simultaneously with tone
bursts derived from the same signal source. Level

of tone bursts and angle between tone and current
sinusoid were adjusted to produce minimum fiber
response, as judged by the experimenter. KEach

fiber gave values of stimulus quantities P(f and IeC which
at f.o, had equal and opposite effects, or which were
anti-equivalent. Equivalent stimulus quantities were
formed from the anti-equivalent quantities by adding
180° to the relative phase angle (multiplying one
stimulus quantity by —1). Data are magnitude and angle
of ratio of equivalent stimuli

c PdC
of =-(<)
e
for each fiber. No points are shown below about 2 kHz
because low relative Class II threshold in low-f_ fibers
prevented use of current level adequate to produce well-
defined cancellation. Solid curve in magnitude plot is
smoothed threshold-based ratio Ithl of figure 4.14(a)
replotted for comparison.
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Figure 4.16

Angle of QfC based on cancellation of nerve-fiber response

at frequencies other than f_,.

Each set of open symbols represents data from a different
fiber. For these fibers, each data point at fCe is indi-
cated by the flagged symbol. Other points represent data
at f., for other fibers. Data are only shown at frequen-
cies close to f., because the cancellation method was
based on Class I response which occurs only within the
narrow frequency range defined by Sj of the tuning curve
(figure 4.5). For some fibers shown, absolute stimulus
level was adjusted at different frequencies to maintain
well-defined Class I response. For example, frequen-
cies and levels for fiber 27A were 10.2, 10.4, 10.6 kHz
at -17 dB, and 10.8 kHz at -7 dB.
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vides both magnitude and phase information, but is practical only at
frequencies > 2 kHz. In this range, however, the cancellation magni-
tude data are consistent with the': threshold-based magnitude equiva-
lence. The complex equivalence ratio Qg is specified most completely
as a function of frequency in terms of the threshold-based magnitude
data (figure 4.14) and the cancellation-based phase data (figure 4.15).
Thus IQfl is specified for frequencies 0.2 kHz < f < 20 kHz, and &

is given for 2 kHz <t < 20 kHz.

4.2 Experimental Investigations of Origins of Responses.

The experiments described in the following sections of this chap-
ter were intended to investigate the sites of production of the two com-
ponents (o and B, in figure 4.1) of shock response and the two classes
(I and II) of response generated by sinusoidal electric stimuli. To
determine possible stages of the peripheral auditory system in which
different responses were generated, response was studied when the
operation of various stages was experimentally altered.

To determine whether responses were generated central or pe-
'ripheral to the hair cell, response was studied when cochlear function
was modified at the sensory-cell stage, both physiologically (by acti-
vation of the efferent COCB) and pharmacologically (by means of oto-
toxic drugs). The role of more peripheral stages of cochlear and mid-

dle~ear mechanics was studied in experiments in which physical con-
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straints were imposed on variables at the acoustic terminals of the
cochlea. Finally, a possible role of stimulating electrodes in produc-

tion of response was also investigated.

4.2.1 Responses to electric and acoustic stimuli in cochleas
modified at the sensory cell stage.

Figures 4.17 and 4.18 show examples of the effect of COCB acti-
vitation on the pattern of fiber respons.;e. to electric and acoustic stim-
uli. Patterns are shown for click and shock stimulii (figure 4.17) and
bursts of sinusoidal stimuli (figure 4.18).

Figure 4.17(a) and (c) shows the effect of COCB activation on
the click response. With COCB activation [in (c)], the number of
responses is reduced. This effect is consistent with the reduced
amplitudes of click-evoked gross neural potentials which have bt‘een
reported [see Wiederhold and Peake (1966)].

The shock response in 4.17(b) shows both o- and B-components.
With COCB activation, histogram (d) shows no discernible B-compo-
nent, and the number of a-component discharges is reduced by per-
haps 25%. For different fibers, COCB activation always reduced the p-
'component, but no consistent effect was observed on the a-component.
Activation of the COCB sometimes increased and sometimes decreased
the number of a-component discharges. Effect on the a-component
showed no systematic dependence of f., and the average effect for 29

fibers sampled amounted to a slight (about 6%) reduction in number of
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Figure 4.17

Histograms of fiber response to shocks and clicks
modified by activation of the COCB.

Stimuli were presented at 2/sec, alternate stimuli pre-
ceded by an 80 msec train of stimuli to the COCB (32
biphasic pulses at 400/sec) which ended 10 msec before
the zero time of the histogram. In (a) and (c), response
to clicks, in (c) clicks preceded by COCB activity; (b)
and (d), response to shocks, in (d) shocks preceded by
COCB activity. Each histogram compiled from response
to "00 stimuli. Shocks 350 MA, 100 ysec, round window
negative; rarefaction clicks formed from 100 psec pul-
ses, -75dB re 100V into l-inch condenser earphone.
Fiber W278-16, f. =1.56 kHz, spontaneous discharge
rate =~ Y0/sec.
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Figure 4.18

PST histograms of fiber response to bursts of tone and
sinusoidal current modified by activation of the COCB.

Histograms of response at 10 levels of tone burst
[columns (a) and (b)] and 7 levels of current burst
[columns (c) and (d)]. In (b) and (d), stimuli accom-
panied by B0 msec trains of COCB stimulation (32
shocks at 400/sec, occurring between 10 and 90 msec
on the histogram time axis). Tone and current bursts
at 6.43 kHz (f_,), 10/sec, duration 40 msec. In (e) and
(f), histograms computed with stimuli turned off (spon-
taneous activity), in (f) with COCB stimulation. Each
histogram is computed from response to 200 stimulus
presentations. Fiber W292-25, f_ = 6.53 kHz, spon-
taneous discharge rate ~ 74/sec.
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a-discharges [see Chamberlain et al. (1968)].

The effect of COCB activation on response to tone bursts shown
in figure 4.18 (a) and (b) is typical of the reduction in number of respon-
ses found by Wiederhold (1970). The response to bursts of sinusoidal
current shown in (c) and (d) depends on stimulus level and COCB activ-
ity in nearly the same way as the response to tone bursts at all except
the highest current level shown. At -10 dB and below, the response
pattern indicates that this is Class I response. At the -5 dB level,
however, response to current is far greater than the response to the
highest-level tones, and the response is not noticeably affected by
COCB activity. At this level, the response showed the repetitive
firing which is characteristic of Class Il response; the histograms
actually show several peaks, but they are separated by only 1 or 2
bins and are hard to see in the figure.

Since the OCB is presumed to act through its endings on the sen-
sory hair cells and on the fine terminals of the auditory nerve near the
hair cells, any response which is affected by the OCB could originate
at a stage peripheral to the hair cell. The data show that the B-com-
;;onent of shock response and Class I response to sinusoid, both of
which resemble response to acoustic stimuli in other ways, are affec-
ted by the COCB' in the same way as acoustic response. The respon-
ses, then, originate either at, or somewhere peripheral to the hair

cell.



137

This conclusion is consistent with characteristics of shock
response found in animals in which large numbers of hair cells were
destroyed by large doses of the ototoxic drug kanamycin. In these
animals, a correspondingly large number of nerve fibers showed
no spontaneous activity and no response to acoustic stimuli [ see
Kiang, Moxon, and Levine (1970)]. However, a shock response
was ‘ound in these fibers at about the same current level as in
normal animals.

Figure 4.19 (a) shows an example of response to shock for a
fiber in an animal with extensive ototoxically-induced hair-cell
damage. The response pattern shows the 0.5 - msec latency
characteristic of the a - component of shock response in normal
animals, but the response of the hair-cell-deficient cochlea shows
no B-component. This result indicates that production of a response
indistinguishable from the o-component is not associated with the
hair cell. The data also suggest that the hair cell is required for
production of the B-component of response to shock. In all, more
than 350 fibers which did not respond to acoustic stimuli were ob-
;ﬂ.erved; without exception these fibers showed no B-component of
shock response. As the example shown in the figure indicates, no
significant latency differences were observed between a-components
of responses found in hair-cell-deficient cochleas and those found

in normal ears.
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Figure 4.19 -

PST histograms of response to shock for a fiber in a
kanamycin-treated cat and a fiber in an untreated cat.

In (a), example of response of a fiber from a kanamycin-
treated cat in which 80% of the basilar membrane was
devoid of hair cells. This fiber did not respond to

sound and showed no spontaneous activity. In (b),
response of fiber (f. = 9.1 kHz) in an untreated cat (his-
togram replotted from figure 4.1). Histogram in (a)
computed from response to 100 presentations of 1 msec,
500 pA shocks, about 1.5 x threshold (320 pA); in (b)

200 presentations of 100 usec, 800 pA shocks, about 1.3
x a~threshold (600 pA). For fibers in untreated animals,
a 1 msec shock of given amplitude is equivalent to a

100 psec shock of about 2 to 3 times the amplitude;
hence shocks in (a) are effectively stronger than those

in (b).
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4.2.2 Effects of constraints on mechanical variables at the input
terminals of the cochlea on responses to sinusoidal current
and tone.

In some experiments the mechanical operation of the cochlea was
modified by imposing constraints on stapes motion. In one experi-
ment, the stapes was joined to the cochlear capsule with dental cement
to reduce stapes mobility in the oval window. Judging from response
to acoustic stimuli, stapes mobility was g~reat1y reduced. After the
stapes was cemented, click amplitude had to be raised by about 60 dB
in order to evoke a given amplitude of gross round-window neural
response, and some single auditory-nerve fibers showed tone thres-
holds that were 80 dB or more above the normal range. For other
fibers no response to tones could be found, and the thresholds appar-
ently fell above the highest levels of tone that the stimulus system
could generate.

Electric stimuli did elicit response from all fibers, although
response differed from the normal. The difference is apparent in the
examples of electric tuning curves shown in figure 4.20. All lack the
V-shaped Sy segment found in normal animals. These curves resem-
ble the Sy; segments of the curves shown in figure 4.5.

The data show that, in order for the response to electric stim-
uli to contain a component which resembles response to acoustic

stimuli, the stapes must be allowed to move. Evidently Class I re-

sponse is mediated by a mechanical response to electric stimuli
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Figure 4.20

Tuning curves for sinusoidal electric stimuli in a cat
with stapes embedded in dental cement.

Dental cement was applied to the stapes and temporal
bone in the middle-ear cavity to reduce motion of the
stapes relative to the cochlea. Transmission of sound
to the cochlea was reduced by 60 dB, judged by the in-
crease in click amplitude required to evoke just-detect-
able neural response (N;) recorded by a gross electrode
near the round window. Prior to cementing the stapes,
gross electric response to clicks indicated that the over-
all sensitivity of the ear was within the range of sensi-
tivities of the ears represented in figure 4.5. In some
fibers, no response to tone could be detected at the
highest levels generated by the earphone (> 110 ¢B SPL,
f <10 kHz; > 90 dB SPL, 10 kHz < f < 20 kHz). For other
fibers, a response could be found, but only at extremely
high levels of sound pressure at the tympanic membrane.
For fibers which did respond to tone, a value of f. could
be obtained in the usual way. The electric tuning curves
are shown for those units for which f. was determined.
These and 4 other electric tuning curves from this cat
show no V-shaped segments.
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delivered to the cochlea.

In order to determine whether electric stimuli generated me-
chanical signals peripheral to the cochlea, a different mechanical
constraint was placed on the middle ear. First, threshold data such
as those shown in figure 4.13 were obtained for tones and sinusoidal
electric stimuli for fibers of f. between 0.2 and 25 kHz. Then the len-
ticular process of the incus near the induco-stapedial joint was cut,
to interrupt the transmission path of the middle ear. Another sam-
pling of fiber thresholds was made for tone and sinusoidal electric
stimuli for this condition of the middle ear.

The results obtained before and after interruption of the ossicu-
lar chain are shown in figure 4.21. Difference in tone thresholds [in
(a) and (b)] is apparent. In (b), fiber thresholds are raised at most
frequencies by more than 40 dB, indicating that sensitivity to sound
pressure at the tympanic membrane is reduced. * In contrast, no
difference in thresholds for Class I response to electric stimuli is
apparent in the figure [parts (c) and (d)]. The figure also shows plots
of the threshold-based equivalence ratio let| for the two conditions of

" the middle ear in this animal. With middle ear intact [in (e)], the

Interruption of the ossicular chain only disables the primary mech-
anism of sound transmission to the cochlea; the response that is found
with the ossicular transmission interrupted could be the result of any
of several secondary mechanisms by which sound is transmitted to the
cochlea [see Wever and Lawrence (1954); Tonndorf (1966)].
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Figure 4.21

Effect of interruption of the ossicular chain on tone
threshold at f., current threshold at fce, and magni-

tude of the ratio of equivalent stimuli letl.

Tone threshold at f, and current threshold at f_, were
obtained while the ossicular chain was intact [data of
parts (a), (c), and (e)]. The same quantities were then
obtained for other fibers after the incus had been dis-
connected from the stapes at the incudo-stapedial joint
by removing a 1/3 mm segment of the long process of
the incus [data of parts (b), (d), and (f)]. In (a) and (b),
triangles are plotted for fibers for which no point exists
in (c) and (d). In (d), triangles are plotted for fibers
for which no point exists in (b). For some of these
fibers, it may be that threshold fell above the highest
levels of stimuli used. For some low-f_ fibers, only
Class Il response to electric stimuli was found and con-
sequently no f_., could be determined. In (e) and (f),
ratios of the magnitude of equivalent stimuli le | for-
med as described in figure 4.14 for each condition of
the ossicular chain. Solid curve in (e) is obtained from
data points by plotting at each {_ the average of all
points within an octave band centered at f, and connecting
the resulting points. After all single-fiber data were
obtained, ossicular transmission was restored by
bridging the gap between incus and stapes with a small
quantity of dental cement; stimuli which restored the
amplitudes of the gross neural and microphonic poten-
tials to their original values differed only slightly (< 3
dB) from those used prior to interruption of the ossicu-
lar chain.
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ratio is about the same as that obtained in other animals (figure 4.14).
With the ossicular chain interrupted [in (f)], the ratio is considerably
different, reflecting the raised sound-pressure thresholds.

These data show that the Class I response to sinusoidal current
is essentially independent of the ossicular transmission path and,
therefore, that it cannot be the response to an acoustic signal genera-
ted peripheral to the cochlea.

4.2.3 Influence of stimulating electrodes on response to sinusoidal
current.

The data presented above suggest that Class I nerve-fiber re-
sponse was produced by mechanical excitation of the cochlea. It was
possible that the hypothesized mechanical signals could have origina-
ted at the points where the metal stimulating electrodes contacted the
tissue. To investigate this possibility electrical connection to the
cochlea was made through fluid contacts, using electrolyte-filled
glass tubing. In these electrodes, the junction between metal and
electrolyte occurred in a 0.2 to 0.3 cm3 volume of fluid about 2 cm
from the cochlex. The stimulus equivalence ratio Ithl was deter-

- mined for fibers of fC > 3.3 kHz, and the ratios were between 55 and

0.0002 dynes/cm?
0.7 mA

data shown in figures 4.14 and 4.21.

60 dB (re ), values which are within the range of

In another experiment, when current was delivered with two

electrodes on the periosteum on the surface of the cochlea, threshold
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of Class I response for a 7 kHz fiber was about 30 dB higher than the
threshold for current delivered through an electrode contacting the
round-window membrane. This evidence suggests that Class I nerve-
fiber response is not produced by forces developed by the stimulating
electrodes themselves, but is associated with current flow into the

cochlea.

4.3 Summary.

The data presented above have shown two components (¢ and B)
of auditory-nerve-fiber response to pulses of electric current (shock).
The a-component is distinguished by a well-defined short latency (=~
0.5 msec) and by a sharp threshold which does not depend on f_ in any
systematic way. The B-component resembles fiber response to
clicks.

Nerve-fiber response to sinusoidal current depends on frequency
and level of the stimulus. In one subdivision of fiber response area,
the response shows tuning characteristics and temporal patterns of
discharge which resemble the response to a tone stimulus; this behav-
~ior defined Class I response. In the remainder of the response area,
response shows distinctive tuning and discharge characteristics and
differs from response to acoustic stimuli; .this behavior defined Class
II response. Class I response can be canceled with a suitably chosen

acoustic stimulus, is inhibited by activation of the efferent system,
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and is found only when structures in the cochlea are allowed to move.
This response is maintained when middle-ear transmission is inter-
rupted by breaking the ossicular chain; it is therefore not a response

to signals developed peripheral to the cochlea.
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CHAPTER V.

MECHANICAL RESPONSES OF THE COCHLEA
TO SINUSOIDAL ACOUSTIC AND ELECTRIC STIMULI

The data of the preceding chapter suggest that electric current
delivered to the cochlea causes structures in the cochlea to move, and
that the resulting motion produces a response in auditory-nerve fibers
which resembles the response to acoustic stimuli. In the experiments
described in this chapter, a mechanical detector was used to measure

motion of the round-window membrane in response to electric stimuli.

5.1 Effect of Measuring System on the Function of the Normal
Cochlea.

The mechanical response was detected by a microphone and
probe-tube assemb hich was sealed over the round window, as
described in Chapter III. To determine whether the normal motion
of the round-window membrane and other cochlear structures was
altered when this assembly was in position, the round-window poten-
tial, E.,, (recorded by a gross electrode) was measured before and
after the tube was sealed into place. It has been shown experimentally
that a restriction of round-window motion is rgflected in a reduction
of round-window potentials (Wever and Lawrence, 1954; Tonndorf and
Tabor, 1962). T'ypical results are shown in figure 5.1. Only slight

differences exist in the two frequency responses shown. The
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Figure 5.1

Round-window potential Eyw measured before and after
sealing probe-microphone system over the round window.

Curves show the magnitude and angle of fundamental
component of round-window voltage recorded in res-
ponse to tones of 80 dB SPL at the tympanic membrane.
Data point density, 40 points/decade. Note that plotted
symbols serve to identify individual curves and do not
represent all the data points. The recording electrode
contacted fluid on the surface of the round-window mem-
brane. Phase of round-window potential is referred to
sound pressure at tympanic membrane. The "unsealed"
curves were obtained after the cochlea had been com-
pletely prepared to receive the probe-tube assembly,
but before the tube was sealed in place. The tube was
then positioned over the round window and the '‘sealed"
curves were obtained. The stimulus was at a level low
enough so that cochlear microphonic potential was
essentially proportional to stimulus level. The magni-
tude data show a difference at 60 Hz due to stray coup-
ling between the recording system and the power line.
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differences are made more apparent by forming the ratio of the re-
sponses recorded under the two conditions. Figure 5.2 shows ratios
of measurements from three separate experiments.

The input impedance of the probe-tube system is high at some
frequencies and low at others (see Appendix II). If the cochlea is
loaded appreciably by the tube, it would be expected that E_., would
be reduced most at frequencies where tube impedance is highest, at
5.4,10.8, and 16.2 kHz. No local minima in the ratio curves appear
at these frequencies. In the ratios of (a) and (c), the differences in
round-window voltage are less than 2 dB; in (b), the difference reach-
es 4 dB, but only at about 20 .kHz.

These data indicate that the microphone and tube system sealed
over the round window has no appreciable effect on the operation of
the cochlea. The tube input impedance, even at its highest value, is
evidently small compared with the acoustic impedance the cochlea
exhibits at the round window. For present purposes, the round win-
dow can be considered to be a source having infinite output impedance,

that is, a volume-velocity source.

5.2 Signals Recorded in the Absence of Stimuli.

When the microphone system was sealed over the round window,
and in the absence of any external stimuli, a large, low-frequency

signal appeared in the oscilloscope display of the microphone output.
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Figure 5.2

Ratio of round-window potentials measured before and
after sealing probe-microphone system over the round
window.

Curves in (a) represent the ratio of the two responses
shown in figure 5.1; curves in (b) and (c) are ratios
of data from two other similar experiments. Solid
line is magnitude of ratio, dotted line is angle of ratio.
At low frequency, signal-to-noise ratio becomes poor,
and data are not shown below arbitrarily-determined
cut-off frequencies. All responses recorded for con-
stant 80 dB SPL at the tympanic membrane.
Elapsed time between pairs of measurements:

M75, 1 hr. 38 min.

M74, 1 hr. 24 min.

M77, 37 min.
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When the waveform was reproduced through a loudspeaker, charac-
teristics could be detected which suggested that this signal might be
related to the animal's heartbeat. To investigate this possibility, an
electrocardiogram (EKG) signal was simultaneously recorded from a
subcutaneous electrode on the thorax. The EKG signal was used to
trigger the oscilloscope display, and the microphone output was found
to be synchronized with the EKG. Examples of the waveform are
shown in figure 5.3. The peak amplitude in each case is of the order
of 10 dynes/cmz, and occurs about 100 msec after the large R wave
of the EKG waveform. This signal was found only when the probe-
tube system was sealed; when the seal was not total, the microphone
output was essentially zero, as shown in figure 5.3 (e). In this case
a hole in the side of the probe tube was opened, preventing apprecia-
ble low-frequency pressures from being developed in the system.
The effect was the same when the seal between the end of the tube
and the cochlea was not complete.

This EKG-synchronized pressure signal did not necessarily
originate within the cochlea. Similar signals were found when the
tube was sealed over a solid portion of the skull. Thus it is possible
that these signals were caused by relative motion between the skull
and probe-tube system, and not by relative motion between cochlear
structures and the cochlear capsule.

The EKG-synchronized pressure signal was larger than the
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Figure 5.3

Microphone pressure waveform recorded in the absence
of controlled stimuli.

Data from four cats are represented. Upper trace of
each pair is an electrocardiogram voltage recorded by
a subcutaneous electrode on the chest. Lower traces
are microphone output. Positive voltage and conden-
sation pressure are plotted as an upward deflection.
Oscilloscope photographs of ten superimposed traces,
each trace triggered from the leading edge of the large
positive component of the EKG. In (a), (b), (c), and (d),
the probe-tube system was sealed in place over the
round window. In (e), all conditions as in (d) except
that a hole was opened in the probe tube. Microphone
amplifier low-frequency 3-dB frequency ~ 5 Hz.
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signals of interest, and tended to exceed the dynamic range of some
stages of the measuring apparatus. This problermn was overcome by
filtering the microphone output to reduce the low-frequency response
of the system. For this purpose, it was convenient to use the stan-
dard frequency-response contour A available in the microphone ampli-
fier (the A weighting nerwerk of the International Electrotechnical
Commission). The round-window-microphone response routinely
measured was the microphone output multiplied by the transfer func-
tion of this network, H,. The recorded values were subsequently

expressed as actual microphone vutput by dividing by Hp.

5.3 Responses of the Normal Cochlea.

5.3.1 Waveform of microphone output.

When sinusoidal current was applied to the cochlea, a response
could be detected in the output of the microphone. Figure 5.4 shows
an example of the averaged waveshape of the microphone response to
a sinusoidal electric stimulus. Also shown is the waveshape of the
current probe output. Neither waveform appears to depart signifi-
cantly from a sinusoid, at the frequency shown or at several other
frequencies examined. The response to acoustic stimuli was also
substantially sinusoidal. Consequently, to characterize responses
to electric and acoustic stimuli it was suffiéient to determine magni-

tude and phase of the fundamental response component as a function



Figure 5.4

Averaged probe-microphone pressure waveform and
current waveform in response to 2 kHz electric stimu-
lus.

In (a), microphone pressure waveform; in (b), current
waveform. Averages consist of 100 points, interpoint
time 10 psec. Each point in (a) is average of 1000
individual samples, in (b), each point is average of
100 samples.
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of frequency.

5.3.2 Response to acoustic stimuli.

Figure 5.5 shows the magnitude and angle of the voltage devel-
oped at the output of the probe-microphone amplifier measured from
20 Hz to 20 kHz in response to a tone at 80 dB SPL. Curve (1) was
measured using flat amplifier frequency response (lower 3 dB fre-
quency ~ 5 Hz), while Curve (2) was measured using the A weighting
network of the microphone amplifier. The figure also shows the
spectrum of the noise level found when the microphone output was
recorded using the A network and with the stimulus turned off [Curve
(3)]. Curve (4) was measured under the same recording conditions
post-mortem. The peaks seen in Curves (1) and (2) at about 5, 10,
and 15 kHz are caused by the characteristics of the tube (see Appendix
II). The rise in Curve (3) at low frequency is evidently a measure of
the spectrum of the EKG-synchronized signal. When the animal was
dead, the noise baseline appeared essentially flat [Curve (4)]. Sig-
nals which fall sufficiently far above the level of Curve (4) represent
actual microphone output amplified and weighted by curve A.”

The reduction in the weighted output seen at low frequencies

[Curve (2)] is due to the effects of the weighting network; the actual

* Since Curve (4) is flat, it evidently is a measure of noise contri-
butions which arise in the recording system at stages after the
frequency response is shaped by the weighting network.
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Figure 5.5

Output voltage of the probe-microphone amplifier under
different recording conditions.

Curves (1) and (2) show magnitude and angle of micro-
phone -amplifier (MA) output voltage recorded for a
constant level (80 dB SPL) of sound pressure at tym-
panic membrane. Angle of MA output is referred to
electric input to the capacitor earphone. Curve (1) was
measured using flat MA frequency response (10 Hz -
200 kHz); in (2), response was remeasured with MA
weighting network A switched in. For Curves (3) and
(4), the A weighting network was left in and stimulus
was turned off; curves show noise levels of the meas-
uring system. Data in Curve (3) obtained while the ani-
mal was alive, data in Curve (4) obtained post-mortem.
For conditions of (3) and (4), response is unrelated to
the stimulus and no phase is defined. For all curves,
MA midband gain was 60 dB. In (1) and (2), MA output
voltage above about 70 Hz is response to the sound-
pressure stimulus. The data can be expressed as sound
pressure at the probe microphone by correcting for

i) the transfer function of the microphone amplifier, and
ii) the absolute sensitivity and frequency response of
the microphone cartridge. The angle of probe-micro-
phone sound pressure can be referred to sound pressure
at the tympanic membrane by correcting for the phase
characteristics of the earphone system. Plotted sym-
bols identify individual curves (see figure 5.1). Cat M72.
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microphone output is nearly flat from 80 Hz to 1 kHz [Curve (1)].
Output decreases gradually at frequencies above 1 kHz. Interpretation
of this roll-off requires knowledge of the detailed transmission char-
acteristics of the tube. It may be partially attributable to smaller
round-window displacements at these frequencies.

The phase data shown represent phase of recorded voltage re-
ferred to voltage delivered to the capacit01j earphone, and is influenced
by the phase characteristics of both the acoustic stimulus system and
the probe-tube measuring system. By correcting for the characteris-
tics of the microphone cartridge, microphone amplifier, and acous-
tic stimulus system, data such as those shown in figure 5.5 can be
expressed in terms of sound pressure at the probe-microphone dia-
phragm referred to sound pressure at the tympanic membrane.

Figure 5.6 shows data from four experiments expressed in this
way. The responses shown were recorded under comparable conditions
and at a stimulus level of 70 dB SPL. Response magnitudes are flat
within 3 dB below about 1 kHz, and general roll-off in magnitude
occurs above a few kHz. Peaks at about 5,10, and 15 kHz are evi-
dently produced by resonances in the probe tube (see Appendix II).
‘Althoﬁgh measurements are not shown at low frequencies, where
signals are close to or below the noise level, the figure shows that
the microphone pressure at low frequency approaches the phase of

the stimulus (0° = -360°), indicating that inward motion of the tym-



Figure 5.6

Sound pressure developed at the probe microphone in
response to acoustic stimulus in four experiments,

Sound pressure at tympanic membrane was a constant
70 dB SPL at all frequencies. Phase curves represent
angle of probe-microphone sound pressure referred to
sound pressure at tympanic membrane. Data are not
shown below 100 Hz because of high noise level at low
frequencies. Plotted symbols identify individual curves
(see figure 5.1).
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panic membrane causes the round-window membrane to deflect out-
ward. At high frequency, probe-microphone pressure progressively
lags the sound pressure at the tympanic membrane. Part of this lag
may be introduced by middle-ear traﬁsmission characteristics. Also,
since the probe tube is approximately a wavelength long at 10 kHz, a
significant part of this lag is evidently attributable to propagation
delay through the tube. The variation in response magnitudes for
these four experiments is at most 8 dB, and phase variation is less
than 45°. This variability is within the range of the variability in
middle-ear transmission found by Guinan and Peake (1967).

For the range of frequencies for which the length of the tube is
much less than a quarter wavelength, pressure distribution in the
microphone system is uniform and the system behaves as a compliance.
For these low frequencies, microphone output is proportional to the
volume displacement of the round-window membrane. For example,
below about 1000 Hz, the measurements of figure 5.6 show sound-
pressure levels of about 50 dB SPL, or 0.06 dynes/cm2 rms. The
acoustic compliance of the tube system is given in Appendix II as
about 5.6 x 1078 cm5/dyne, and thus the round-window volume dis-

- placement for 70 dB sound-pressure level at the tympanic membrane
is 3.3 x 10”9 cm3 rms. This value is not significantly different from
the low-frequeﬂcy volume displacement of the stapes footplate (2.9 x

3

109 cm? rms at 70 dB SPL) in the average data of Guinan and Peake
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(1967). Since middle-ear transfer characteristics show inter-animal
variation of several dB, this result is not inconsistent with the idea
that the outward volume displacement of the round-window membrane
is normally equal to the inward volume displacement of the stapés

footplate. *

5.3.3 Response to electric stimuli.

Figure 5.7 shows the sound pressure developed at the probe
microphone for four levels of electric current. At most frequencies
the response magnitude increased 5 dB when the stimulus was in-
creased 5 dB, indicating that the microphone output is proportional
to the current level. At low frequency, however, a clear non-line-
arity is seen at the two highest current levels. Here the response
increments are much greater than the stimulus increment, and the
response is not proportional to the stimulus. At the low frequencies,
where the résponse amplitude shows non-linear behavior, the phase
shows rapid change with frequency, changing by 720° between 60 and

250 Hz. At high frequency (> 3 kHz), .nicrophone pressure progres-

* Mpglier (1963) has reported measurements which show that the linear
displacement of the round-window membrane and the displacement of
the long process of the incus depend on frequency in the same way,
and from this, he concluded that round-window motion was tightly
coupled to both the stapes and the malleus. Tonndorf and Tabor
(1962) have indicated that mechanical signals in the cochlea are re-
duced less by blockage of the round window than by blockage of the
stapes, possibly because of other paths for volume velocity flow.
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Figure 5.7

Sound pressure at the probe microphone in response to
four levels of sinusoidal electric stimulus.

Magnitude and angle of microphone sound pressure are
shown. Data are plotted only at frequencies for which
response was 10 dB above the noise level. Response was
measured at constant settings of the attenuator control-
ling the electric stimulus; current at constant attenua-
tion varied azs shown in figure Al.l. In the vicinity of

100 Hz, response at the 10 dB attenuator setting exceeded
the dynamic range of the recording equipment. Response
was measured twice at the 15 dB attenuator setting and
the two curves are superimposed. Signal-to-noise ratio
in data obtained at the lower current levels is poor;

below 300 Hz responses at 15, 20, and 25 dB attenuations
were below the noise level (dashed line). Angle of micro-
phone sound pressure is referred to positive round-win-
dow electrode current; the phase curve shown was obtained
at the highest (10 dB attenuation) current level. Plotted
symbols identify individual curves (see figure 5.1).
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sively lags stimulus current, but the phase does not change as rapidly
as the response to tone shown in figure 5.6.

Figure 5.8 shows the response to electric stimulation in three
ears. (Response of these ears to acoustic stimuli was shown in figure
5.6.) In each set of data shown the current evoked the low-frequency
non-linear response just described. Above 300 Hz, response behaved
linearly. Both the magnitudes and the angles of the linear, high-fre-
quency responses from these three experiments are fairly close to
each other. Below 18 kHz, the data show a magnitude variation of
< 4 dB and a phase variation of < 30°; at 20 kHz, magnitudes differ by
about 8 dB.

The non-linear low-frequency response magnitudes in these
experiments are not nearly as close as the high-frequency responses.
The non-linear response was not extensively studied as interest was
primarily directed to the linear electro-mechanical phenomenon found
at higher frequencies. It was observed, however, that the non-line-
arities did not appear in post-mortem measurements, suggesting
that it may have had a physiological origin. One possibility is that
low-frequency electric stimuli excited one or both middle-ear mus-
cles, and vibrations set up by the resulting contractions were detected
by the ‘nicrophone. Middle-ear-muscle contraction was decoupled
from the ossicuiar chain by cutting the tendons, but muscle-genera-

ted vibrations could appear in microphone output much as heartbeat-



Figure 5.8

Sound pressure developed at probe microphone in
response to sinusoidal electric stimuli in 3 cats.

Data from three of the experiments for which response
to tone was shown in figure 5.6 are superimposed. In
each experiment magnitude and angle of response were
measured at 10 dB settings of the attenuator controlling
the electric stimulus. Current varied with frequency
approximately as shown in figure Al.l; at any particu-
lar frequency currents in the three experiments all fell
within a 2-dB level range. Data are shown only at fre-
quencies where response was 10 dB above the noise
level. Between 100 and 200 Hz, response in M77 ex-
ceeded the dynamic range of the recording equipment
and no data are shown. Below 300 Hz, phase data are
shown for only one measurement.
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related vibration does. As described in Appendix Ill, middle-ear
muscles were visually observed to respond to high-level electric
stimuli.

In the range of frequency above 300 Hz, the data of figure 5.7
show a mechanical response that is linearly related to the electric
stimulus. Figure 5.8 shows that this response is similar in different
animals; the reproducibility of this response from animal to animal
seems to be about as good as the reproducibility of the response to
acoustic stimuli.

5.3.4 Equivalence of sinusoidal acoustic and electric stimuli
based on round-window motion.

To compare the effect