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Abstract

A discrepancy exists between the dynamie range of peripheral
auditory neurones and the range over which the human ear maintains
fine intensity discrimination. Psychophysical experiments, using
simultaneous high and low pass (bandstop) masking noilse, indicate

that intensity discrimination at high intensities under these specific

conditions 1s unlikely to be medlated by a spread of activity to
neurones Ilnnervating neighbouring reglons of the basllar membrane.

A conclusion from these psychophysical data is that neurones
coming from a limited region of the basilar membrane must, at least
under bandstop nolse masking conditions, be capable of signalling
small intensity differences over a wide dynamic range. It is the
validity of this conclusion which the experiments reported in this
dissertation have sought to test.

A related but separate problem i1s the way in which the absolute
intensity of a signal 1s represented in the activity of the cochlear
nerve. The encoding of absolute intensity 1s therefore considered and
briefly discussed in relation to the results of the présent study,

Microelectrode recordings from the cochlear nerve and nucleus
of the anaesthetised cat led to the following conclusions:

1. The range of minimum thresholds of neurones in the cochlear nerve
and nucleus of a single ear is limited, at any frequency, to 20-30 4B,
which is consistent with the literature and probably excludes the
possibility that a high threshold population of neurones had been
previously overlooked.

2, The dynamic range of some monotonlc cochlear nucleus neurones
measured after adaptation 1s wider than that measured under unadapted

conditions. However, the dynamlc ranges of cochlear nerve fibres and
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all monotonie cochlear nucleus neurones, even allowing for the
extension afforded by the adaptation process, are still insufficient
to account for the wide dynamle range shown psychophysically. Non-
monotonic cochlear nucleus neurones have dynamic ranges of up to
100 dB, which may refleect inhibitory input to such cells from fibres
of differing characteristiec frequency.
3. Under conditions of bandstop nolse maskihg, analogous to those
used in the psychophysical studles, some two-thirds of the neurones
in the dofsal cochlear nucleus (with characteristic frequencies from
0.7-29 kHz) have very wide dynamic ranges, some of which were up to
110 dB. Ih contrast, cochlear fibre dynamie ranges 1n response to
tones are the same, whether or not the bandstop nolse masker 1s present.
The results of parametric studies of the responses of cochlear nucleus
neurones are consistent with the suggestion that the wide dynamic
range, under bandstop nolse masking conditions, results from lateral
inhibition induced by the masking noise,
4, Under conditions of bandstop noilse masking, intensity differences
at high 1nténsity levels are not encoded in the cochlear nervs by
large differences in the mean discharge rate of single fibres, but
could possibly be encoded by small differences in the mean discharge
of a minority of fibres. A second possibility for the encoding of
intensity differences, under these conditions, 1s the fine time

structure of the cochlear fibre discharge.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 Preface

In his natural environment man 1s exposed to an enormous range
of sound intensities and, not surprisingly, the human ear has evolved
to accommodate thils range. The loudest sound which can be heard without
immediate deleterious effects to the ear 1s some million, million times
more intense than the wegkest audible sound. This enormous range of
intensities can be conveniently expressed on the decibel scale as 120 dB.

Over the whole of this range of stimulus intensities humans can
accurately Judge the ldudness of a sound. Loudness 1s a subjective
ettribute of sound which, although primarily determined by its intensity,
depends upon factors such as its duration, frequency, and spectral comp-
osition (the variation of loudness with changes in these parameters is
deseribed in detail in section 1.2). For a given stimulus the loudness
varies monotonically with the stimﬁlus intensity. Since humans are
eble to Jjudge loudness over a wlde range of intensity, the absolute
intensity of the stimulus must be represented in the overall discharge
pattern of the cochlear nerve over an equally wide range.

For the purposes of the present study, a more relevant observation
is that over a substantisl part (100 dB) of the ear's dynamic range,
humans can detect very small differenceé in the intensity of a stimulus
(of the order of 1 dB, see section 1.2 for details). Thus, small
intensity differences must also be represented in fhe cochlear nerve
discharge pattern over a wide dynamic range.

We have, therefore, two related observations; intensity and
intensity differences are represented in the cochlear nerve discharge
over a wide dynamie range., Clearly, the encoding of Intensity and

of intensity differences are not completely separable problems. A
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single neurone whose discharge varies linearly with the intensity of
the stimulus (measured in dB) over a sufficient range could perform
both funetions. Such neuronés do not, according to presently avall-
able data, exist in the cochlear nerve of the cat.

The discharge rate of peripheral auditory neurones only varies
as a function of intensity over a range of the order of 30-50 dB8. This
narrow 'dynamic range' of peripheral auditory neurones was first shown
by Galambos and Davis (1943) 1in their pioneering recordings from the
cochlear nucleus, However,‘since these same authors found a wide
renge of minimum thresholds of single neurones at any frequency, their
1imited dynamic range did not present any difficulties for the existing
theories of the encoding of intensity or intensity differences over a
wide range of stimulus intensity. (The combination of limited single
fibre dynamic ranges and a wide range of minimum thresholds 1s con-
sidered in detail in section 1.7.)

More recently, redeterminations of the range of minimum thresholds,
at any frequency, have revealed that in a single ear minimum thresholds
are distributed over a range of only 20-30 dB (first shown by Kiang
(1968)). There 1is, therefore, a considerable discrepancy between the
1nten§ity range over which single neurones can apparently signal intensity
and intensity differences and the range over which humans can detect
intensity differences or make judgements of the loudness of a sound.

Some recent data of Smith and Zwislocki (1971) did suggest, however,
that some neurones in the cochlear nucleus might, As a result of
adaptation, retain sensitivity to small intensity differences over a
range of intensity wider than their dynamic range to stationary stimull
(discussed in detail 1nvsections 1.8 and 4.1). Furthermore, recent
psychophysical data (see section 1.7) imply fhat, under conditions of

bandstop noise masking, neurones coming from a limited region of the
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basilar membrene are apparently able to convey information concerning
intensity differences over a wide dynamic range.

It was therefore decided to concentrate on the problem of the
encoding of intensity differences. The prime aim of the present
study was to determine whether single neurones coming from a limited
region of the basilar membrane could signal small intensity differ-
ences over a range of intensity sufficlent to account for the psycho-
physical intensity discrimination data.

The related problem of the representation of intensity per se,
in the cochlear nerve activity has not been the majJor concern of these
experiments. Thus 1t might seem unnecessary to include a review of
current theories of the encoding of intensity (section 1.7). These
theories do, however, suggest ways in which differential 1ﬁtensity
sensitivity may be maintained over a wide dynamic range. Indeed,
many of the psychophysical experiments crucial to the present study
were performed to test theories of intensity encoding (and are there-
fore described in this review section). The implications of the present
study for the encoding of the 1ntensi£y of stimull are discussed
briefly in chapter six.

In this introductory chapter, several bodies of relevant literature
are reviewed. The psychophysical experiments on loudness are reﬁiewed
in order to place the present study in context (section 1.2). In
addition, since the present experimental data have been obtéined from
the cat, the animal behavioural literature is discussed (section 1.3),
in order to evaluate the usefulness of the cat as an animal model fof
the investigation of intensity encoding.

The middle-ear structure and function 1s described in detail

(section 1.4) since, in the view of several authors (Simmons, 1959;
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Suga and Jen, 1974; Borg and Zakrisson, 1977), the effect of the

acoustic middle-ear reflex is to extend the operating range of the

ear.

Recordings were made initially from the cochlear nucleus, which
is a second-order nucleus, and, as a result of the data obtalned,
recordings were made from the primary neurones of the cochlear nerve
to determine the degree to which re—encodiné of the stimulus related
information had occurred. The anatomy and physiology of both cochlear
nerve and nucleus are therefore reviewed. Detailed reviews of the
physiological literature specifically relevant to the different types
of experiments performed in the present study are deferred to the
appropriate chapters (see note on page 84).

The experiments of this study were pérformed to test the validity
of certain conclusions from previous psychophysical and physiological
studies. These conclusions, and the way in which the present experiments
sought to test them, are briefly described in the final section of

this first chapter,
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1.2 Psychophysical Experiments on Loudness

It is necessary at the outset to clearly distinguish between the
terms loudness and intensity. |

The term Intensity is used to mean the power of a sound, which
is expressed in physical terms as units of energy. .The intensity of
a sound is therefore é physical quantity which can, if necessary,
be measured without reference to a human observer.

Loudness 1s a subjJective attribute of the sound and as such can
only be measured by evaluating the responses of normal human subjects.

It has long been known that the loudness of a sound depends upon
its intensity. Helmholtz (1877) noted that both the amplitude and
loudness of a sound decreased with distance but its pitch and spectral
composition remained unchanged; he therefore concluded that

', . . loudness must depend on this amplitude and none

other of the properties of sound do so'.

Ceft;inly the loudness of a sound does depend on its intensity
but also upon its frequency, duration and spectral composition. It
is_cdnvenient therefore to divide the following review of the psycho-
physical experiments on loudness into sectlons according to which of

these variables was studied.

1.2.1 Ioudness as a Function of Intensity -

One of the earliest attempts at quantifying the relation of the
loudness of a sound to 1ts intensity was that of Fletcher and Munson

(1933). These authors measured the loudness-level of tones by comparing

their loudness with that of a 1 kHz reference tone. Loudness-level
of any sound is defined as the sound pressure level of the equally
loud reference tone at the position where the listener's head is

placed, The german word phon has been adopted as the unit on the



Figure 1

The loudness of a,l kHz tone as a function of its intensity.
(From Churcher, 1935.)

Figure 2

Histogram of the decibel difference between two tones in the
vicinity of 1 kHz, which produces a loudness ratio of 2:1, as
determined by different investigators. N = 178,

(From Stevens, 1955.)
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.~ loudness~level scale. The phon 1s mathematically equivalent to the decibel
and hence a sound of 16udness-1eve1 50 phons 1is equal in loudness to a
1 kHz tone of 50 dB SPL. The logarithmic phon scale, however, although
covering a wide intensity range conveniently, does not fit a subjective
loudness scale. A factor of two in loudness does not correspond to a
halving or doubling of the number of phons. A more appropriate scale
would be one on which the number N represents a loudness which does in
fact appear to be half as great as that represented by the number 2N ete.
A number of studies have attempted to determine such a subjective loudness
scale (Bekesy, 1929; Ham and Parkinson, 1932; Ceiger and Firestone, 1933;
Churcher, King and Davis, 1934; Churcher, 1935; Stevens, 1936, 1955).

In the study of Churcher (1935), the loudness of a 1 kHz tone 100 dB
above threshold was designated as 100 units, and subjects were asked to
assign values of 50 and 10 units ete., to levels of tone sounding half and
one tenth as loud accordingly. The loudness function devised from these
experiments is shown in Fig. 1. In Fig. 1, between 1 and 10 loudness units
on the ordinate, the dB difference required to achieve a doubling of the
loudness’is 8.6 dB, whereas between 10 and 100 loudness units the value
is 10 dB. Stevens (1955) reviewing the extensive data then avallable,
also obtained a median value of 10 dB for tones ivn the vicinity of 1 kHz.
The 178 values from which the median value was computed are shown in
histogram form in Fig. 2. It 1s clear from the scatter of values in this
figure, that the choice of the median value of 10 dB is somewhat arbitrary
for normal subjects. Stevens (1955) suggested that the greater slope
below 40 dB in the older scales was consistent with the results of exp-
eriments in which subjJects were asked to adjust a tone to half the loud~
ness of a standard. The outcome of experiments in which subjects adjusted
tones to double .the loudness of the standard suggests that the slope
pecomes less steep below 40 dB. Since methods involving halving and

doubling of the loudness appear to produce biassing of the data in
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opposite directions, Stevens produced a compromise loudness scale by
combining data from both sorts of experiment. The resulting loudness scale
has a slope Invariant of intensity indicating that loudness is a power
function of stimulus intensity. The exponent of this power functlon was
determined by Stevens to be Loglo2.

The term sone is used as the unit on the subJective loudness scale.
It was first proposed by Stevens (1936) and defined as the loudness of a
1 kHz tone 40 dB above threshold, heard with both ears. A more useful
definition which relates the phon and sone scales is that contained 1in
ISO recommendation R131: one sone corresponds to a loudness-level of 40
phons, 1if for loudness-levels qf 40 phons or greater, the relationship
between the : numerical values of loudness-level Ls (in phons) and loudness

S (in sones) is glven by
s = 2(Lg = 40)/10

For white noise, at low levels of intensity, the loudness grows more
rapidly as a function of intensity than the loudness of a 1kHz tone. Above
approximately 50 dB SL the two loudnesses remain more nearly proportional
(Stevens, 1955). Loudness remains an approximate power funection of
intensity (at least for 1 kHz tones) up to 140 dB above threshold (Stevens,
1955, is the only determination at such high levels). At levels of 140 4B
above threshold the stimull are extremely painful, in fact, the level of
sounds causing discomfort ranges from 93-13%0 dB SPL depending on the
criterion of discomfort employed (tickling feeling, etc.), the methods
used and the spectral composition of the stimuli (Wegel, 1932; Bekesy, 1936b;
Silverman et al., 1946; Stevens, 1970; Morgan et al., 1974).

The avallable data suggest therefore, that the best estimate of the
difference In the level of two signals required to produce a loudness
ratio of 2:1 1s 10 decibels. When experimental biases are eliminated by
combining results of different types of experiment this relation holds
over the entire range of audible intensities, despite the fact that at

the highest levels the signals are extremely painful.
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1.2.2 Loudness as a Function of Frequency

When the intensity of a tone 1s held constant, loudness varies as a
‘function of its frequency, By comparing the loudness of pairs of tones it is
possible to determine the intensity levels of tones at various frequenciles
which are judged to be equally loud. A curve giving the relationship
between different frequencies and intensities which are equally loud, is
known as an equal loudness contour. Kingsbury (1927) was the first to
make a series of measurements of equal loudness contours. Since this
first study there have been several other studies (Fletcher and Munson,
1933; Churcher and King, 1937; Robinson and Dadson, 1956; Zwicker and
Feldtkeller, 1967), and mean curves based on several studies have been
included in an International Standards Organization recommendation (Iso
R226) which is shown in Fig. 3.

At low loudness-levels the equal loudness contours follow the absolute
threshold curve. Absolute threshold corresponds to the 3 phon loudness-
level contour; this is because loudness-levels are deflined relative to the
sound pressure level of a 1 kHz tone the threshold of which is approx-
imately 3 dB SPL (not O dB SPL as was earlier taken to be the case). It
can be seen in Fig. 3 that with increasing level the equal loudness con-
tours take an increasingly flatter course. At low frequencies the separa-
tion between the curves is not very great and only at levels above 50
phons are the curves more nearly parallel to each other. The decibel
difference required for a.loudness ratio of 2:1 which at 1 kHz 1s 10
decibels is clearly much less at low frequencies, indicating that either
the exponent of the loudness function 1s much reduqed or that the power
law relation of loudness to intensity does not hold at these frequencies,
That this is in fact the case 1s demonstrated by the actual determinations
of loudness functions for low frequencies by Fletcher and Munson (1933)

and Stevens and Davis.(1938).



Figure 3

The loudness of pure tones as a function of frequency and

intensity. Curves of equal loudness level for pure tones in frontal
sound field.

(ISO Recommendation 226,)

Figure 4

Dependence of loudness on (a) the spacing of the components of
a four tone complex centred at 500 Hz (upper curve) and (b) the
bandwidth of a noise of constant SPL centred at 440 Hz (lower curve).

Loudness balances between a tone at the centre frequency and
elther the tone complex or nolse were made.

For the upper curve T indicates adjustment of the comparison tone
level and C adjustment of the tone complex level. The vertical

bars on the lower curve show the interquartile ranges of adjustments.
The straight lines through the data were drawn from predictions
based on other measures of the critical band.

(From Zwicker, Flottorp and Stevens, 1957.)
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1.2.3 Loudness as a Function of the Bandwidth of Bandpass Noise and

of the Separation of the Components of a Tone Complex

Zwicker and Feldtkeller (1955) studied the way in which the
loudness of a band of noise of constant sound pressure level depended
upon the width of the band. They were able to show that loudness was
invariant as a function of bandwidth provided the bandwidth is smaller
than a certain critical value. When this value was exceeded the per-
ceived loudness increased. Similar results were obtained by Bauch
(1956) by varying the frequency spacing of tones in a tone complex.
gwicker, Flottorp and Stevens (1957) confirmed both of these findings
and compared the bandwidth observed in such loudness summation exper-
iments with the critical bandwidths derived from observations of
other phenomena, such as thresholds, masking and phase relations.
Fig.l (after Zwicker and Flottorp and Stevens) shows the way in which
the loudness varied as a function of bandpass noise bandwidth (centre
frequency 440 Hz) and the spacing of four tones in a tone complex
centred at 500 Hz. The two functions are clearly comparable and
the point at which the loudness begins to increase for both experi-
mental paradigms is at approximately 100 Hz (bandwidth in the case of
the noise, frequency separation of highest and lowest frequency
components in the case of the tone complex). The lines through the
data were drawn from predictions of the discontinulty based on other
eritical band measures. Thus these authors were able to demonstrate
that the bandwidth beyond which the loudness begins to increase as the
pandwidth of a noise, or the frequency spacing of components of a tone
complex 1s increased, 1s consistent with the critical bandwidth
observed in studies of thresholds, masking and phase relations.

when two equally loud signals are widely separated in frequency

their loudnesses sum and the perceived loudness is twice that of either



Flgure

Dependence of the loudness of a broadband noise burst on its
duration. '

Equal loudness_contours for noise as a funetion of duratioﬂ.
The sound pressure of the shorter burst of noise which sounded equal
in loudness to the longer burst is plotted as a function of the

shorter burst. Dashed curve indicates the shortest duration for
which loudness is independent of duration.

(From Miller,‘l948.)
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As level is Increased the time constant falls progressively as shown
by the dashed line in Fig. 5, reaching a value of only 60 msec at
100 dB SPL. It is generally agreed that as duration 1s increased by
a factor of 10 the loudness level increases by about 10 phons,

There is, however, no indication of a temporal summation of acoustic
energy of this order in the discharge of cochlear nerve fibres. The
latency of the first action potential of a cochlear nerve fibre in
response to a long duration near threshold stimulus 1s only of the
order of a few milliseconds, not hundreds of milliseconds. Further-
more, the activity In the cochlear nerve does not show a gradual
build up over time but does in fact decrease with time. On the basis
of these data and of the high sensitivity of the auditory system to
dichotic time differences, Zwislockil (1960, 1969) concluded that the
locus of the temporal summation process was unlikely to be before
t+he level at which signals from both ears are combined. Thus the
process of temporal summation appears to operate on the neural activity
evoked by a stimulus rather than directly on the acoustic energy

(Zwislocki, 1960, 1969).

1.2.5 The Difference Limen for Intensity

In measuring the difference limen (DL or JND) for intensity, one
measures the 1ntens;tymd;ffepengeHrequired to produce a Jusﬁ detectable
change in the perceived loudness. The variation of the DLkwifh
intensity has been studied by a number of investigators using a wide
variety of different signals (tones, Knudsen, 1923; Reisz, 1928;
7wicker, 1956: random and square wave noise, Miller, 1947; pseudo-
random noise, Raab and Goldberg, 1975). The data of three of these
studies are shown in Fig. 6,

The DL near threshold is greater than 3.5 dB and falls with



Figure 6

Dependence of the Just noticeable difference in the intensity
of a variety of stimuli upon the sensation level of the stimulus.

(From Miller, 1947, with the addition of the data of Jesteadt, Wier and
Creen, 1977.)

Figure 7

Calculated (solid line) and measured values (open circles) of
the Just perceptible amplitude modulation depth of a 1 kHz tone as
a function of its level; the dashed curve represents the function
determined in the presence of a high pass masking noise.

(From Zwicker and Feldtkeller, 1967.)
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increasing stimulus level for all of the determinations in Fig. 6.

For broadband noise signals (solid line in Fig. 6) the DL decreases

to a constant level which 1s reached at 20 - 30 dB above threshold.

It remains at this low level =~ 0.4 dB -  over a range of some 80 dB
which in this case extends up to 100 dB above threshold (approximately
110 4B SPL). At higher levels therefore, the DL function for noise
signals follows Weber's Law; the Just noticeable difference in intensity
AT 1s a constant ratio of the intensity at which it is determined I,
that is A I/I is a constant. The relation of AT to I character-
istically departs from Weber's Law at low intensities.

The tone data of Riesz (dashed line 1in Fig. 6), in agféement with
several other determinations of the DL for tones (Churcher, King and
Davis, 1934; Stevens and Volkman, 1940; Zwicker, 1956) does not follow
Weber's Law. The DL for tones continues to decrease with increasing
intensity up to the maximum levels studied and has been commonly termed
a 'near-miss' to Weber's Law. Ihis is at variance with the tone data
of Knudsen which follows closely the DL function for noise. The dis-
erepancy between Knudsen's data for tones and the data of other workers
is likely to be due to differences in the methods used, Knudsen used
tones withrabrupt onsets and his data therefore possibly represents
sensitivity to the frequency spread produced by such gating.

Viemeister (1972) reported that the continuously decreasing DL
function for pulsed sinusoids, became flat at medium to high levels
(as for noise signals), when determined in the presence of a masking
noise at the frequency of the second harmonic of the tone, He con-
cluded that the continuously decreasing DL function for tones reflected
the use by the subject of information at aural harmonies. Moore and
Raab (1974) specifically tested this suggestion and found that inform-
atlon at aural harmonics was not essential in order to obtain a con-

tinuously decreasing DL function for pure tones.
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Zwicker (1956) determined the Just noticeable amplitude modulation
for 1 kHz tones as a function of stimulus level. This is shown as the
solid line in Fig. 7 which falls continuously as a function of intensity.
When this function was redetermined in the presence of a high pass
masking nolse, it became flat at medium to high levels as indicated
by the dashed line in Fig. 7. 2Zwlcker concluded that when no masking
noise was present the subjects were able to use information from
frequencies above the stimulus frequency in making intensity discrim-
inations.

The data from pure tone studles in which amplitude modulation
was used to obtain small intensity changes, indicated that intensity
discrimination varied with frequency, and that the DL increased as
intensity decreased more rapidly near threshold than at medium and
high levels. This 1s not the case In pure tone studies in which
pulsed sinusoids and forced-choice techniques were used. The data

(erosses and dot-dash 1line, Fig. 6)
of Jesteadt, Wier and Green (1977»N}ndicate that intensity discrim-
ination under such conditions is not a function of fréquency (at
least for 0.2 - 8 kHz). They also found that the change in discrim-
ination with level (the near-miss to Weber's Taw) could be represented
by a single function from which there were no systematic deviations
from 5 - 80 dB SL. The DL for intensity fell continuously from 1.5
dB at 5 dB SL to 0.5 dB at 80 dB SL.

The ear maintains fine intensity discrimination (of the order of
0.5 dB) for white nolse signals over a range of intensity of at least
80 @B (Fig. 6). For pure tone signals the DL for intensity as deter-
mined by wusing pulsed sinusoids.: > 1s less than 1.5 dB over a. 75 dB
range (Jesteadt, Weir and Green, 1977). No deterioration in the
intensity discrimination of white noise or pbure tone signals is

observed at the highest levels studied (100 dB SIL, see Fig. 6). It appears,
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however, that when subJjects are deprived of information from frequency
regions above the stimulus frequency, the intensity discrimination of
pure tones is degraded (Zwicker, 1956; Viemeister, 1972; Moore and
Raab, 1974). Even in the absence of such information, however, the
DL for intensity for pure tones 1s stlll of the order of 1 dB even at
high intensities (Zwicker, 1956).

Intensity discrimination in the presence of masking noise has
been used to investigate the suggestion that intensity ls encoded via
spread of activity along the cochlear partition, and is further discussed

in that context in Section 1.7.
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1.3 Animal Behavioural Experiments

The purpose of the following review of some of the animal behavioural
literature, is to assess whether the chosen experimental animal, the cat,
is an appropriate animal model for determining the way in which intensity
might be encoded in humans., Wherever possible, therefore, comparisons
are drawn between measurements which have been obtained in both man and
cat. Some necessary requirements of any animal model for intensity en-
coding are the following: 1) That the animal be sensitive to a wide range
of frequencles; 2) that the absolute sensitivity of the animal be comp-
arable with that of man; 3) that the animal be able to discriminate small
intensity increments over a wide range of intensity; and L) that the mech-
anism underlying the discerimination of intensity be simllar to that of man.

To decide whether the cat fulfils the first three requirements, a)
threshold as a function of frequency and b) intensity discrimination aé a
function of intensity are considered in detall below.

The present state of our knowledge of intensity diserimination in
men and cat does not enable any decision on the final requirement. How-
ever, both the formation of loudness (see p. 11) and intensity diserimin-
ation in man, appeam to depend upon a frequency selective mechanism (the
critical band). The DL for intensity may be understood in terms of the
extra energy which must be added to a signal in order to increase the
energy falling within a single critical band at any point on the frequency
scale by a detectable amount (about 1 dB, see Zwicker (1975) for details).
Thus, measurements of frequency selectivity in animals are reviewed since
any animal not possessing such a frequency selective mechanism would be
inappropriate as a model for human intensity encoding.

In the experiments reported in chapter five, the level of a tone was
set, in the first instance, to give 4 dB more energy than a noise masker
measured within a bandwidth equal to a human critical band. Thus from

a purely technical point of view a consideration of eritical band
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in cats 1is required to demonstrate that such a procedure is not

inappropriate.

1.3.1 Threshold of Hearing as a Function of Frequency: The Audiogram

The audiograms discussed below are-all of the minimum audible field
(MAF) type, that is to say, the animal was free to move in the sound

field and the minimum levels of sound at the position of the animal's



- 19 -
head with the animal removed were taken as the threshold values.
Audiograms have been determined for a wide variety of animals,
including man, ape, monkey, bush-baby, tree shrew, cat, guinea pig,
chinchilla, hedgehog, oppossum and goldfish (see reviews by Masterton
et al., 1969; Jacob and Tavolga, 1967; Miller, 1970; Sokolovski, 1973).

Masterton et al. (1969) compared the audiograms of twenty-two
different mammals and demonstrated that the human audiogram differed
from that of other mammals in only one respect; man's high frequency
limit 1s lower than that of any other mammal yet studied behaviourally.
By comparison of the average high frequency limit of the mammals in
their study with the albeit sparse data available on other vertebrate
orders, they were able to conclude that high frequency hearing (above
32 kHz) 1s a uniquely mammalian characteristic. The large difference
in high frequency hearing between mammals and non-mammals is due to
the evolution of the middle ear ossicles in the former which well
match the impedance of the air to that of the cochlear flulds at high
frequencies (Johnstone and Sellick, 1972),

The variation of the upper frequency limit of hearing among
mammals was very highly correlated with the maximum difference in
the time of arrival of sound waves at the two ears; mammals which
have avallable to them only small binaural time disparities (whether
due to close set ears, or in the case of cetaceans, a marine environ-
ment) have extensive high frequency hearing. Since binaural time
disparities and binaural intensity differences are known to be
alternative cues used by animals for localizing a sound source, the
correlation noted above appears to refléct the usefulness of these
two cues for different mammals. High frequencies are attenuated more
rapidly over distance and are more effectively shadowed by the head

producing interaural intensity differences, than are low frequencies,
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Thus while mammals with large heads can use binaural time disparities,
mammals which have available to them only small time disparities
between the two ears, are able to localize sounds accurately by using
intensity differences between the two ears, which are more pronounced
for high frequencies,

The puzzling feature of such comparisons is that since extensive
high frequency hearing is clearly a primitive mammalian character,
this ability must have disappeared in the course of the evolution of
apes and man. Masterton et al. (1969) provide one possible explanation;
once the ears became sufficiently far.apart to provide accurate sound
localization without rgsorting to high frequency spectral differences,
sensitivity to such high frequencies became passively vestigial and
was therefore gradually lost,

The audiograms of man and cat are compared directly in Fig. 8.
Three main differences are evident:

1. The high frequency hearing of cats begins to decline at 20 kHz
and has an upper limit of about €0 kHz. Mans' high frequency hearing
declines at 10 kHz to an upper limit of epproximately 20 kHz.

2. The most sensitive region for cats (i.e. the frequency region
of lowest threshold) is about 7 - 10 kHz, whereas mans' most sensitive
region 1s about 3 - 4 ki

3. Man and cat are equally sensitive only to frequencies of
500 Hz and below. Above this frequency the audiograms diverge pro-
gressively. The cat's maximum sensitivity (at approximately 10 kHz)

is 20 dB below that of man (at approximately 3 kHz),

1.32 Ifitensity Disorimination: The Difference Limen

One of the earliest determinations of the DL in any animal is

that of Dworkin (1935). 1In this study cats were trained to discriminate



Figure 8

Minimum audible fields of the cat (filled circles from Miller,

Watson and Covell, 1963) and man (unfilled triangles from Sivian and
White, 19}3)

Filgure

Sensitivity 6f the monkey to increments in the intensity of a
wldeband nolse stimulus as a function of stimulus level.

d' is the signal detection detectability index (see Green and
Swets, 1966). -

(From Clopton, personal communication.)
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between tones which differed only in intensity and DLs of 4 4B at
frequencies of 2600 Hz and 1500 Hz were determined at 50 dB above
human threshold,

Several authors have reported measurements of the DL for intensity
for particular frequencies at a single intensity level, which have
commonly been used as controls in auditory ablation experiments (e.g,
Raab and Ades, 1946; Rozenzweig, 1946; Osterreich, Strominger and
Neff, 1971). Thus Raab and Ades (1946) determined the pure tone DL
for cats t$ be 2.9 dB at 125 Hz, 1.82 dB at 1000 Hz and 3,89 dB at
8000 Hz. * The sensation levels of these tones were unequal.,
Rozenzwelg (1946) in a similar but more exact study found the values
(mean of 3 cats)-to be 2.0 dB at 125 Hz 40 4B SL, 2.4 dB at 1000 Hz
60 dB SL and 5.60 dB at 8000 Hz 60 dB SL. The data of Raab and Ades
are clearly very comparable with those of Rozenzweig.

The important measure for the present purposes 1s the variation
of DL with intensity (see Section 1.2.5 for human data) and until
recently the only study which attempted this determinaéion was on
Goldfish. Jacobs and Tavolga (1967) were able to determine that the
Goldfish DL was 3 - 6 dB depending An frequency and was independent
of level from 20 dB 8L over a range of 30 dB, This study only extended
over a limited dynamic range and the Goldfish is so phylogenetically
distant from both cat and man as to make comparisons meaningless.

Two recent studies have, however, gone some way towards remedy-
ing this situation. The first (Termsn, 1970), although not a study
of variation of DL with intensity, does at léast glve an indication
of the size of the DL at high levels. Working on the rat, DLs were
determined at levels of 70 and 100 dB SPL at 4 kHz. The DL at both
Jevels was found to be about 4 dB, Thus at least in the rat no

deterioration in intensity discrimination occurs with increase in

intensity from 70-100 dB SPL.
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The second (Clopton, 1972) is the most complete study of variation
of DL with intensity for an animal which this author is aware of. The
DL for white noise for m.nkeys was determined over an intensity range of
70 dB and Weber's Law‘was found to hold over most of this range, The
value of the DL which is large near threshold (Fig. 9) falls to a value
of approximately 1.5 dB as the stimulus level is increased to 30 4B
above threshold and remains at about this value over the rest of the
range tested. Particularly, there is no deterioration in the animal's
discrimination performance at higher levels.

There 1is, however, a discrepancy between the data reported by
Clopton and other behavioural measurements on the same animal reported
in the literature. From the audiogram of Macaca Mulatta, the most
sensitive frequency is around 12 kHz (Behar et al., 1965). At this
frequency the width of the human eritical band is about 2.5 kHz. The
total energy of a noise increases with its bandwidth, therefore making
the assumption of a similar critical band for monkeys, the energy
within a critical band at 12 kHz 1s equal to the spectral density
plus 34 dB (the increase in energy for a bandwidth lncrease of 2.5 kHz).
The spectral density of the noise in this experiment was 45 g8 SPL
at '0' dB attenuation and therefore -55 4B SPL at ~100 dB attenuation.
That -100 dB 1s near threshold is evident from Figure 9. Th;refore
the energy of the noise within the critical band at noise threshold
would be -55 plus 34 or -21 dB SPL. The tone threshold should there-
fore be -21 dB SPL. Again from the audiogram, we find that the level
of the 12 kHz tone at threshbld is about 3 dB. There is therefore a
considerable discrepancy in the reported and expected threshold levels
in these behavioural experiments. Taking lower frequencies this
discrepancy becomes progressively larger due to the narrowing critical

bands.
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According to Clopton (personal communication), the discrepancy
between his data and that of Behar et al., is proﬁably due to the
choice of the value of d' represenﬁing threshold, Behar et al, used
a classical psychophysical method of adjustment to obtain threshold,
which according to Jeffress (1964) should correspond to a &' of 1.5 -
2,0, Taking a d' of 2,0 from daté supplied by Clopton, we get a
'threshold' in the region of -85 dB instead of -100 dB; this would
still give a discrepancy of 9 dB from the data of Behar et al, The
study of Behar et al. was, however, very conservative, The authors
took the threshold to be the highest intensity avallable to the
animal. It is conceivable that although the higher intensity was
present at the position of the animal's head, that the animal was
responding to the lower level signal also present. If such were the
case it might account for the discrepancy between the threshold data
of Clopton and that of Behar et al.

For the present purposes however, this does not affect the use-
fulness of the intensity DL data reported by Clopton. In monkeys the
variation of the intensity DL for white noise with intensity has the
same form as that determined for humans by Miller (1947) (cf. Figs.

6 and 11). The DL falls to a low value of about 1.5 dB.and remains
at this iow value over a wide range, showing no deterioration at high
levels.

Summarizing, therefore, many authors have reported DL measures
for animals (goldfish - Jacobs and Tavolga, 1967; rat - Terman, 1970;
monkey - Clopton, 1972; cat - Dworkin, 1935; Raab and Ades, 1946;
. Rosenzwelg, 1946; Saunders, 1969; Osterreich et al., 1971)It is clear
from these data that the discrimination ability varies'considerably
across species. The DL for intensity at moderate intensity levels
decreases from primitive animals to man, ranging from 3 ~- 6 @ in

goldfish to 0.5 dB in man.



- 25 -

However, whatever the absolute value of the DL at medium
intensity levels it is maintained 1n bothcases studied up to the
highest levels tested. It 1s therefore reasonable to assume that
the cat also shows no deterioration of i1ts intensity diserimination

ability over a wide dynamlc range.

1.3.3 Frequency Selectivity: The Critical Band

'The critical band is that bandwidth at which subjective responses
rather abruptly change' (Scharf, 1970) and 1s assumed to reflect a filtering
process taking place within the auditory system. A wilde variety of
experimental paradigms have been employed to obtain estimates of
the critical bandwidth (for details of those paradigms see Scharf;
1970). Thus, for example, the loudness of a band of noise is inde-
pendént of its bandwldth up to the eritical band and the loudness of
a tone complex is independent of the frequency separation of its
components up to the critical bandwidth (see Section 1.2.3). In these
and other experiments the critical bandwidth is measured directly by
manipulation of the frequency region over which signal energy is
distributed.

In fact the term 'critical band' was first coined by Fletcher
(1940) to refer to the critical bandwidth measured indirectly by
maskiﬁg a tone by a wideband noise. Such measures are now referred
to as 'critical ratios' to distinguish them from directly measured
critidal bands.

Critical ratio experiments may be considered as an intensity DL
experiment for signals within the critical band centred on the test
tone frequency. If one assumes, as Fletcher did, that at °
masked threshold the energy of the tone and noise within the eritical

pband are equal (i.e. S/N ratio 1s O dB) and that therefore the minimum



Figure 10
Dependence of the critical bandwidth on frequency.

Critical bandwidth as a function of the frequency at the centre
of the band, After Scharf (1970) with the addition of the data of
Pickles (1975) for the cat. »

Figure 11

Dependence of the critical ratio on frequency.

The critical ratio measured in four species as a function of the
frequency of the masked tone., The critical ratio is the difference
between the spectrum level of the wide-band masking noise and the
level of the just masked tone. After Scharf (1970) with the addition
of the data of Pickles (1975).
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detectable change in energy within a single critical band is 3 dB,
the critical ratio can be used to direetly give a measure of the
critical band., However, 1t is clear that such an assumption is
incorrect, since critical bandwidths derived from critical ratio
experiments give values 2.5 times smaller than directly measured
critical bands.

This difference in absolute size disappears if instead of 0 dB
S/N ratio at masked threshold a S/N ratio of -4 dB (corresponding to
a factor of 2. 5) is assumed, Greenwood (1961) and Zwicker (1958)
have 1in fact measured eritical band S/N ratios which vary from -3 to
-8 dB. The minimum detectable energy change within a single eritical
band assuming a -4 dB S/N ratio then becomes 1.5 dB, which 1s consistent
with directly measured values of Zwicker (1956) and Pick (personal
communication). |

Pig. 10 éhows a summary of critical band estimations for man.
The unfilled circles represent the eritical ratio data of Hawkins and
Stevens (1950) multiplied by 2.5. There is deviation at low frequency
which may refiect a change in the critical band signal to noise ratio,
as has been suggested by Greenwood (1961).

Scharf (1970) considering the availéble data on critical ratio
determinations in.animals (see Fig, 11) assumed that the critical
ratio so obtained need only to be multiplied by 2.5 (the factor relating
human critical ratios to critical bands) to provide an estimate of
animal critical bands. The rat, cat ané chinchilla which have critical
ratlos greater than humans at all frequencies (Fig. 11) were therefore
presumed by Scharf to have wider critical bands, -

However, assuming a factor of 2.5 assumes that the signal to
noise ratio for animals at the critical bandwidth is the same as for

humans. There is evidence which suggests that this is not in fact the

case.
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Bos and de Boer (1966) measured their own thresholds at five
centre frequencies as'a fuhction of masking noise bandwidth. They
observed that at narrow bandwidth the masking noise was so similar to
the test tone that the detection task becomes effectively an intensity
DL determination. They therefore suggested that in order to determine
whether frequency resolution occurs it was necessary to compare the
results of masking a test tone with narrow bands of noise, with the
intensity DL for those same masking nolses. The results of such
comparisons indicated that the DL and masked threshold varied in a
similar way as a function of bandwidth especially within the critical
band. In the middle range of bandwidths a remarkable agreement was
found between masking and discrimination thresholds. It appears that
the amplitude fluctuations of the narrow bands of noise, which deter-
mine the maximum intensity discrimination, also determine the masked
threshold for the tone. At wider bandwidths the frequency selectivity
of the auditory system becomes apparent, resulting in a clear separation
of masking and discrimination thresholds.

The masked threshold at about the ecritical bandwidth is therefore
closely related to the difference limen for intensity of the noise.
The cat has a DL for 1 kHz tones of 2 - 2,5 dB (see Section 1.3.2)
which 1s several times greater than the human DL (see Section 1.2;5).

within a eritical band

One would therefore expect that the signal-to-noise ratiqAFt masked
threshold would also be greater than the human value, One cannot
therefore derive an estimate of cat critical bandwidth by multiplying
eritical ratio values by the human factor of 2.5, representing a signal-
to-noise ratio of -4 dB. The assumption that the cat critical band
js wider than the human critical band, based on eritical ratio measures
is apparently not Justified. The critical bands of cat and human may

possibly therefore be of the same order of magnitude., Consistent

with this suggestion are the recent data of Evans, Rosenberg and
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Wilson (1970) and Evan§ and Wilson (1973) who studied the effective
bandwidth of’cochlear fibres in the cat.- Effective bandwidth is a
physlological measure analogous to the critical band and the values
obtained by these aufhors correspond very well with human critical
band data over a wide frequency range. The authors concluded from
this that the critical band property derives directly from the filter-
ing properties of cochlear fibres and 1s therefore already determined
at the cochlear level.

However, the only empirically determined eritical bandwidths for
the cat suggest that ca; eritical bands are indeed wider than human
eritical bands (Pickles, 1975). In the study of Pickles pure tones
were masked by a noise of variable bandwidth but constant total power
which was geometrically centred on the test tone. The critical band-
width was estimated as that bandwidth of masking nolse at which the
tone masked threshold decreased (i.e. the polnt at which some of the
noise energy falls outside of the critical band around the tone). The
breakpoint values so obtained are plotted for comparison with hﬁman
critical bands on Fig. 10. On the basis of this determination the
cat eritlical bands are more than twice as wide as human eritical bands
at some frequencies,

Pickles (1976) examined the possibility that the discrepancy
between his empiriéally determined critical bandwidths and the effective
bandwidths of single cochlear fibres determined by Evans and his co-
workers (1970, 1973) might be due to differences in the populations
of cats used in thevtwo studies. To eliminate this possibility he
used the same cats to obtain both behavioural critical band estimates
and critical band estimates from recordings from single cochlear fibres
using the same stimuli and method. The estimates of eritical bandwidth

from single fibre recordings (which Pickles termed effective bandwidths )
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from two cats were only 21% of the behavioural critical band estimates
from the same animals.

There are, however, obJjectlons to Pickles's behavioural determinations
of the cat critical band. A major criticism of the Plckles work lies
in the choice of method for the determination of critical bandwidth.

The paradigm chosen 1s essentially the same as that used by Bos and

de Boer (1966) in human psychophysical experiments. These authcrs found
that 1ntehsity fluctuations inherent in narrow bands of noise affect

the detection of the tone. Taking this into account, Bos and de Boer
used thelr data to derive estimates of critical bandwidth which were

up to two or three times greater than other measures., DBecause of this,
Bos and de Boer concluded that 'the accuracy with which these (eritical
band data) can be determined is so poor that one should consider masking
experiments of this kind as totally unsuited to measure fhe critical
bandwidth'. On the other hand, as Seharf (1970) pointed out, there is
good agreement betweeniggmgg eritical band measﬁres determined using
narrow Sand noise masking and other measures of the critical band.

Bos and de Boer (1966) also noted that the function relating dis-
crimination threshold and bandwidth, for bands of nolse narrower than
the critical band, should have a slope of 1.5 dB/octave. Pickles, in
estimating critical bandwidth, fitted his mean data with a function
having zero slope for narrow bandwidths and 3 dB/octave for bandwidths
wider than the critical band. By fitting Pickles's raw data from
individual cats with a function with slopes of 1.5 dB/octave and 3 aB/
octave it 1s possible in some instances to derive estimates of eritical
b andwidth closer to the effective bandwidth value of Evans et al., and

to the single fibre eritical bands of Pickles.
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In conclusion, therefore, while the possibility remains that
Pickles's data might be in error (by a factor of up to two according
to Bos and de Boer (1966), taken at face value, they indicate that
the behavioural critical bands of the cat are wider than both the
effective bandwidths of single cochlear fibres and the 'eritical
bandwidth' of single cochlear fibres at the same frequency. If
this is the case then the behavioural critical band is not deter-
mined directly by the filtering properties of single cochlear
fibvres. Since, however, the varliation of the effective bandwidth of
single cochlear fibres with frequency is very similar to the variation
of the behavioural critical bands with frequency (Evans and Wilson,
1973), 1t seems reasonable to conclude that the behavioural eritical

tand 1s derlved from some combination of single cochlear fibre response

areas.

1.3.4 Concluding Remarkes on Animal Behavioural Experiments

From the foregoing 1t can be seen that at least in terms of
the audiogram, DL and eritical band, human hearing differs from
other animals' chiefly in the absolute size of the measured variable.
Thus man has a narrower critical band, finer intensity discrimination
but less extensive high frequency hearing. It seems reasonable to
conclude that differences between human hearing and that of the
higher mammals, at least, are only quantitative, not qualitative.
In terms of the four requirements outlined in thé introduction to
this review, the cat would appear to be an appropriate animal model
for the present study since |

1) it is sensitive to a wide range of frequencies,



3)

4)

- 3 -
its absolute sensitivity is greater than that of man,

by inference from rat and monkey data, the cat is likely

to maintain fine intensity discrimination over a wide range
of intensity, and

other closely related measures, such as frequency selectivity,

have been shown to be comparable in cat and man.
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1.4 The Structure and Function of the Middle Ear

The ear may be conveniently divided into three parts: the
external ear, the middle ear and the inner ear. The external ear
consists of the pinna and the meatus which serve to conduct air-borne
sounds to the tympanic membrane. Some alterations in the spectral
composition of the incoming sounds take place in the passage through
the external ear hut they need not concern us here (for details see
Wiener and Ross, 1946; Wiener, Pfeiffer and Backus, 1965).

The middle ear is an air filled cavlity which opens Qia the
eustachian tube into the nasopharynx. This tube which is opened
momentarily during swallowing serves to equalise the static pressure
in the middle ear with that in the environment. Within the middle
ear cavity are three small bones (the malleus, incus and stapes)
which are collectively known as the middle ear osslcles. The oésicles
form a link between the tympanic membrane, to which is attached the
malleus, and the oval window of the inner ear, to which is attached
the foot of the stapes (see Fig. 12).

Sound impinging upon the tympaﬁic membrane sets the three
ossicles in motion thereby transferring the vibration to the inner
ear. The ossicles are not essential for hearing, since in their
absence sound impinging directly on the cochlea can be heard. The
presence of the ossicular chain does, however, lncrease the sensitivity
of the ear considerably. This increased sensitivity is clearly
demonstrable clinically in cases where the ossicular chain 1s absent
or damaged., Patients suffering from such conditions may experience
hearing losses of 30 dB or more (Bekesy, 1936a).

The Increased sensitivity is due to the éction of the ossicles
in matching the impedance of the air to that of the cochlear fluids

(a suggestion first put forward by Helmholz (1877)). The impedance



Figure 12

Schematic diagram of the human middle ear (right side) seen
from within,

(From M#ller, 1972a.)

Figure 1

Threshold of the human middle ear reflex as a function of
frequency.

The sensitivity of the acoustiec reflex in man shown by the
intensity required to produce 10 percent of the maximal obtainable
impedance change (dashed lines). The solid line (W ) shows the

threshold of audibility, and the curve is railsed by 80 dB to facilitate
comparison. Data from four subjects (X, @ m A ).

(From Mgller, 1962.)
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of the cochlear fluids 1is some 4000 times greater than that of air.
If the sound waves were to impinge directly upon the cochlea very
little energy would be transferred since optimal transfer occurs
only when the impedances of the two media are equal. The ossicles trans-
form the air borne sound waves and present this higher pressure to
the cochlear fluids (this 1s mainly by virtue of the larger area of
the tympanic membrane compared to the foot of the stapess a -
detailed treatment of the acoustical transformer action of the ossicles
may be found in Wever and Lawrence, 1954).

A second function of the ossicular éhain 1s the preferential
transference of sound energy to the oval window of the cochlea rather
than to both oval and round windows.

Vibration amplitude of the middle ear ossicles increases linearly

up to levels in excess of 130 GB SPL (Guinan and Peake, 1967).

1.4.1 The Middle Ear Muscles

In addition to the ligaments which hold ﬁhem in position within
the middle ear, the ossicles are also attached to two striate muscles,
the tensor tympani (TT) and the stapedius (ST) (see Fig. 12).

The TT runs from fhe cartilagenous portién of the eustéchian
tube to the manubrium or handle of the malleus. The smaller ST lies
within the posterior wall of the middle ear and attaches to the head
of the stapes. Contraction of the IT, which 1s innervated by the
fifth cranlal nerve, pulls the eardrum medially. Contraction of the
ST, which is innervated by the seventh cranial nerve, pulls the stapes
in a posterior direction. The ST and the TT are diametrically
opposed to each'other, both pulling at right angles to the axis of
their respective ossicles (Wever and Lawrence, 1954). The effect of

such contractlons 1is a stiffening of the ossicular chain and possibly
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a decoupling of stapes and cochlea (Mundie, 1963) and thereby a
modification of its transmission characteristics.‘

It is very well established that non-acoustic as well as acoustic
stimull activate the middle ear muscles., For the present purposes I
shall concentrate on the reflex activation of the muscles by acoustic
stimuli. Extensive reviews of both acoustic and non-acoustic activ-
ation of the middle ear muscles may be found in XKato (1913), Schaeffer
and Glesswein (1926), Mangold (1926), Li¥scher (1929), Kobr;k (1930),
Wever and Lawrence (1954), Jepson (i955), Wersdll (i958), Loeb (1964),
Borg (1972) and Mgller (1972a),those aséects of particuiar interest |

for the present study are dealt with in some detail below.

1.4.2 The Acoustic Middle Ear Reflex

The presence of the acoustic middle ear reflex has been recognised
for almost a century (Henson, 1878). High intensity sounds (above
about 80 dB SL) presented to one eér‘elicit contractions of the
middle ear muséles in both ears (Pollak, 1886). Although in most
animals both the ST and TT are reflex activatéd, in humans the TT
only contracts as part of a startle reaction and the ST alone is
reflex activated (Klockhoff, 1961; DJupesland, 1967).

The major reflex pathway consists of four neurénes: i) the
primary neurone from the cochlea to the ventral cochlear.nﬁcleus (VCN),
ii) VCN to medial superior olivary nucleus (MSO), 1ii) interneurone “
frbm MSO to facial motor nucleus (for ST) or to}trigeiinal motor
nueleus (for TT), iv) motorneurones, ,~ \ .. In addition a
three neurone péth fér the ipsilateral ST reflex'and parallel multi-

synaptic chains have been reported by other authors (Lorento de No,

193 3 Borg, 197 3).
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1.4.3 latency of the Middle Ear Reflex

A knowledge of the latency of the middle ear reflex is necessary,
since 1f the latency were so long that intensity discriminations were
completed before the muscles operated, then the reflex could have no
effect on the way in which intensity of a signal is encoded.

Numerous authors have reported values for the latency of the
activity of the middle ear muscles. The values obtained depend upon
the animals, the sound levels used, the measurement methods and the
criteria used to detect the muscle action. The results of a number
of studles are summarised in Table 1. It can be seen from Table 1
that 1in all of the studies in which the effects of ST and‘TT were
separable, the TT latency was found to be greater than for the ST.

In man the TT does not appear to take part in the reflex and the ST
is therefore responsible for the attenuation of low tones (Mdller,
1965). In the cat Galambos and Rupert (1959) also found that the TT
took little part in the reflex, which is contrary to the findings of
Wever and Vernon (1955a). For the present purposes the latency from
the sound onset to the.first reduction in transmission of the sound
is of most interest. In the cat this latency 1s consistently found
to be about 10 ms from observations of the reduction of the cochlear

microphonic by the action of the middle ear reflex (Hallpike, 1935;

Galambos and Rupert, 1959).

1.4.% The Threshold for Activation of the Middle Ear Reflex

The minimum intensity of a sound which activates the middle ear
acoustic reflex is termed the reflex threshold. The human reflex
threshold to contralateral stimulation as a function of frequency is
shown in Fig. 13 together with the human absolute threshold curve

(which has been elevated by 80 dB). The reflex threshold values
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plotted in Fig. 13 are the intensitles required to change the ear's
acoustic impedance by 10% since impedance measurements near threshold
are subJect to wide variations (Mdller, 1962).

From Fig. 13 it can be seen that the reflex threshold curves
are almost parallel to the curve of absolute threshold. The human
middle ear acoustic reflex 1s therefore activated by sounds which are
in excess of about 80 dB above absolute threshold for frequencies from
200 - 4000 Hz (Mfller, 1962; Jepson, 1951; Metz, 1952).

In the cat Wever and Vernon (1955a)determined thé least sound
intensity which produced a noticeable kl - 2/¢LV) reduction in the
magnitude of a 450 Hz cochlear microphoniec. The‘reflex threshold
followed clésely the form of a curve Joining values of intensity glving
50/LLV of cochlear microphonic at various frequencies (100 - 10,000 Hz).
Absolute threshold values can be obtained by extrapolation from the
5q/u_v cochlear microphonic curve. When this is done it is found that
the reflex threshold curve in cat 1s parallel to the absolute threshold
curve but elevated some £0 dB.

Thus 1t would appear that in man and cat at least, the middle

ear reflex 1s activated at a constant level of approximately 80 daB

above threshold.

1.4.5 Influence of Middle Ear Muscle Contraction on Sound Transmission

The activation of the acoustic reflex by a sound does not necessarily
indicate that the transmission of that sound will be reduced. 1In fact
in the rabbit at some frequencies (4000 - 8000 Hz), there is up to
20 dB difference between the intensity which acti§ates the reflex, and
the intensity at which attenuation of the activating sound takes place

(Bor‘sn 1972) .
It can be seen in Fig., 14 that for the rabbit, the thresholds for



Flgure 14

Thresholds for activation of the middle ear muscle reflex and
for reflex attenuation of sound, as a function of frequency in the
rabbit, ' :

Threshold of the total reflex (St in conjunction with TT) is
fhown by the thin continuous line and it is identical to St threshold.
hresholf of TT is shown by the thin white line. Dark shaded area
shows the region in which single pure tones are attenuated by the
middle ear muscle contraction elicited by the pure tone itself.

(From Borg, 1972.)

Figure 15

Dependence of the amplitude of the cochlear microphonic potential
on stimulus intensity, for a range of stimulus frequencies, with and
without deactivation of the middle ear musculature with anaesthetic.

Data from 25 normally muscled ears (mean values). Ordinate
divisions are 10 dB increments in sound intensity relative to human
threshold.

(From Simmons, 1959, )
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activation of the reflex (thin line) and attenvation of the sound

(thick 1ine) only coincide for low frequencies (up to 800 Hz). 'The
threshold fér influence on sound trarsmission is about the saﬁe in
man and animals (90-100 dB SPIL for tones (Borg, 1972)).

It is a common finding that for all animals stu&ied the attenuation
of sounds by the middle ear reflex is greater for low frequencies,

The upper frequency limit of the attenuation depends upon the animal,
In man the middle ear reflex has little or no effect above 2000 Hz,
whereas in rabbit slight attenuation has been indirectly observeqd at
frequencies of 8000 and 16,000 Hz (Lorente de No, 1935; Borg, 1972).
Borg. (1968)* inferred that in man, a 500 Hz tone 20 dB above reflex
threshold was a£tenuated by 12-15 dB whereas a 1450 Hz tone 16 @B
above reflex threshold was only attenuated by -6 dB. A 1 dB Increasse
in the level of a 500 Hz tone at levels not exceeding 20 4B above
reflex threshold is attenuated by 0.6-0.7 dB. At levels in excess of
20 dB above reflex threshold the reflex operates as an almost perfect
regulator; a 1 dB increase in level is attenuated by about 1 dB,
Almoet perfect regulation at the highest intensities was found for
frequencies from 300-2,000 Hz.

For the rabbit, above the threshold for attenuation the middle
ear reflex attenuated a 1 dB inerease in level by 0.7 dB (Borg, 1972).
Thus in terms of regulatory effliciency the middle eapr reflexes of
man and rabbit are very similar.

In the cat Wever and Vernon (1955b) found slight enhancement of
the transmission of some frequencies by.the middle ear reflex action,
Such enhancement was specifically looked for (also in the cat) by
Galambos and Rupert (1959) who only found attenuation ang no indications

of any enhancement.

* Borg (1968) investigated the role of the stapedius reflex in patients
with unilateral Bells palsy (short duration paralysis of the VII nerve),
The influence of the stapedius reflex on the stimulus tone was determined
as the difference in Intensity between paretic and recovered conditions
produecing identical charges in impedance in the contralateral ear,
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1.4.6 Function of the Middle Ear Acoustic Reflex

The function of the middle ear muscles has been a subject of
speculation for almost three centuries (see review by Wever and
Lawrence, 1954). Not surprisingly, therefore, many possible functions
have been propésed some of which have been shown to be untenable by
experimentation, but many of which remain as possible suggestions.

The following is a selection of some of these suggested functions, all
of which have been previously reviewed in the literature indicated.

1. Protection of the inner ear from an intense sound delivered
from an external source (Wever and Lawrence, 1954; Wersall, 1958;
Loeb, 1964; Simmons, 1964; Borg, 1972; Suga and Jen, 1975).

2. Extension of the ear's dynamic range (Borg, 1972; Suga and
Jen, 1975).

3, Attenuation of self stimulation (Suga and Jen, 1975).

4, Frequency selection as a result of changing the freéuency
characteristic of sound transmission across the ossicles (WeVer and
Lawrence, 1954; Suga and Jen, 1975).

5. Decrease of masking of hiéh frequency sounds by low frequency

sounds (Borg, 1972).

6. Stabilisation of the ossicular chain (Wever and Lawrence,
1954).

.7. Alteration of the pressure of the labyrinthine fluid and by
so doing altering the mechanical performance of the ear (Wever and
Lawrence, 1954).

For the pﬁrposes of this dissertation, only two functions will
be dealt with in detall (i.e. protection of the ear from overstimul-
ation and extension of the ear's dynamic range). Both of these functions

are a result of attenuation by the middle ear of incoming signals.
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1.4.6,1 FExtension of the dynamic range of the ear

Borg and Zakrisson (1973) showed that subJects with unilateral ST
paralysis, suffered a signiffesnt decrease in their ability to discriminate
nonsense &yllables presented in the ear with ST paralysis above 100 dp SPL,
compared to the ear with normal ST function. Below 100 dB SPL diserimination
was equal on both sides and when the function of the ST had been regainea,
the discrimination above 100 dB SPL again became equal on both sides. These
results were interpreted as indication that the middle ear reflex might
reduce the generation of distortion products at high sound levels. The
authors concluded that the ST reflex was extending the intensity range for
speech discrimination by 15-20 B, by acting to reduce high level distortion.

The same authors found a elose correspondence between the threshold
for the loss of discrimination in the ear with ST paralysis and the threshold
for activation of the ST in the normal ear. Wever and Vernon (1955a) found
a close correlation between the ST reflex threshold and the 1ntensity at
which the cochlear microphonic amplitude reached a maximum. Therefore the
threshold for the loss of discrimination correlates with the intensity at
which the cochlear microphonic is maximal. At levels of stimulation beyond
those producing the maximum amplitude in the absence of ST reflex activity,
the cochlear mlcrophonic amplitude saturates. When the ST reflex 1s operative
the range of intensity over which the cochlear microphonic amplitude increases
linearly with intensity is extended. This is seen in the data of Simmons
(1959) shown in Figure 15. In anaesthetised cats (i.e. ST refley inactive)
the coshlear micrbphonic amplitude increases linearly and then saturates
as intensity is increased. (dashed lines, Figure 15). However, in awake
cats (ST reflex operational) the cochlear microphonie amplitude continues to
increase as a functlon of intensity up to and beyond levels at which satura-
tlon takes place in the anaesthetised cat (solid 1ines, Figure 15). at
5 kHz this results In an increase of at least 20 dB to the range éver

which the amplitude of the cochlear
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microphonic increases linearly with stimulus intensity (see Fig. 15).
Thus it would appear that the middle ear reflex acts to extend the |
range of intensity over which the cochlear microphonic amplitude
increases monotonically with intensity Since Dallos (1973) has demon-
strated that at levels at which the cochlear microphonic amplitude sat-
urates, harmonlcs are generated in profusion, the action of the reflex
reduces distortion at high levels.

Simmons's data are, however, somewhat at variance with the data
of other investigators in that he finds effects of the middle ear
muscles at moderate inténsities not above a very high.threshold level
(see Fig. 15). The effect of the middle ear muscle activity is a
linear compréssion of the intensity range. Thus for the 1000 Hz
curves of Fig. 15, when the middle ear muscles are operative, gn
increase in intensity of €0 dB from 25 -85 dB only produces the same
increase in cochlear microphonie amplitude as a 45 a8 increase in
intensity when the muscles are inactive. In other studies such as
that of Borg (1968) compression onlyAtakes place above = threshold
for reflex attenuafion of sound. If compression does only occur abovea high

threshold value, then the sensitivity of the ear to small intensity
changes should decrease above this threshold level, However, the DL
for intensity remains constant up to levels of 100 ¢B SL (see Sections
1.2.5 and 1.3.3) which is some 20 dB above reflex threshold. If,
therefore, the ;eflex is acting to compress the intensity range above
the threshold for reflex attenuation of sound, then the CNS nust
compensate for the intensity reduction caused by the middle ear reflex,

There are at least two arguments against the proposition that thre
function of the middle ear reflex is to extend the ear's dynamie

range. The first is that fine intensity diserimination of high frequency

sounds is maintained over a wide range of intensity, despite the fact

that the middle ear reflex has little effect on the transmission of
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high frequency sounds. The second is that there is no indication that
the growth of the loudness as a function of intensity for sounds too
short to activate the reflex, is restricted above the threshold for
reflex attenuation of sound (1000 Hz tones: Munson, 1947; Wright,
1965 - white noise: Stevens and Hall, 1966).

Thus it would appear that the middle éar reflex 1s nelther a
necessary or a sufficient mechanism to account for the wide dynamic

range for intensity discrimination observed psychophysically.
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1.4.62. Protection of the inner ear from fatigue or structural

damage

Since the middle ear reflex does produce attenuation of intense
sounds, 1t has been generally accepted that the middle ear reflex
protects the inner ear from overstimilation by intense sounds (Wever
and Lawrence, 1954; Wersall, 1958; Loeb, 1964; Simmons, 1964; Borg,
1972; Suga and Jen, 1975).

Fletcher and Riopelie (1960) measured the protective power of
the reflex on humans; the tempor;ry threshold shift (TTS) produced by
a noise too short to activate the reflex was compared wi%h TS produced
by the same noise when the reflex had been activated. TIS was found
to be eppreciably less in cases in which the middle ear reflex had
been actlvated.

Hilding (1960) made similar comparisons on the cat by measuring
the changes in eooﬁlear microphonic. He compared the changes 1in
cochlear microphonic produéed by short impulses of sound (gun blasts)
when alone or preceded by a reflex activating tone, Presenting the |
tone before a blast limited the resulting temporary and permanent
reductions in the cochlear microphonic.

Thus the middle ear reflex certainly protects the inner ear from
damage caused by intense sounds. There are, however, at least three
possible 1imitations on the effectiveness of the middle ear reflex
in protecting the inner ear,

The first is the latency between the onset of a sound and any
reflex attenuation of that sound. The latency to the first signs of.
attenuation is probably of the order of 10 ms (see Section 1.4.3)
and to maximum contraction of the middle ear muscles and hence b&
implication to maximum attenuatlion is considerably greater (91 ms for

ST and 105 ms for TT (Wersall, 1958))., Thus since practical impulses (e.g.
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gunfire) can have rise times of from 0.1 - 75 ms (Doelling and Kryter,
1959) tﬁe protection afforded by the middle ear reflex against impulse
noisé is minimal,

The second limitation of the protective power of the reflex is
that the response to continuous high level stimulation adapts. The
adaptation begins immediately the contraction reaches its maximum
value and in the rabbit reaches a steady-state of some 40 - 60% of
maximum tension after 20 - 30 secs (WersHll, 1958). The adaptation
in the cat reaches a steady-state within 1 mins tSImmonS. 1959).
Nevertheless, Simmons (1960) showed that the muscles were capabie of
sustained protective action} traumatic sound (1000 Hz at 135 dB SPL)
was presented to cats for two hours and the resulting changes in thé
cochlear microphonic were compared between awake cats (middle ear
muscles operational) and anaesthetised cats (middle ear muscles
inactivated). He céncluded that: 'Reflex fatigue though it may still
be a factor.is neither rapid nor complete enough to nullify their (the
muscles) effectiveness over a reasonably long period of time.' Thus
adaptation to prolonged stimulation 1s not a serlous limitation to the
protective action of the acoustic reflex.

The final limitation is that the middle ear reflex offers little
protection against intense high frequency sounds (especially above
7000 Hz, in the cat (Simmons, 1959)). Since it has been shown that
noise damage to inner ear structuréé occurs at the most sensitive
frequencies (4 xHz and above for the cat, see Miller, Watson and
Covell, 1963), it is clear that in the cat the middle ear reflex offers

1ittle protection in the frequency region most susceptible to damage.
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1.5 Functional Anatomy of the Peripheral Auditory System

The following is a brief description of the anatomy of the
peripheral auditory system of the cat, which 1s the experimental
animal used in the present study. The cat's peripheral auditory
system differs only quantitatively not qualitatively from that of

other mammals, 1including man.

1.5.1 Anatomy of the Inner Ear

The inner ear consists of the osseous labyrinth and the membranous
labyrinth. The membranous labyrinth 1s made up of three parts: the
vestibule, the semicircular canals and the cochlea. Only the cochlea
need be considered in detail since it 1s within the cochlea that the
transduction of sound energy into nervous activity takes place.

The cochlea is divided into two perilymph filled channels (the
scala vestibuli and scala tympani) by means of an elastic partition.
This partitlon consists of two'meQbranes, Reissner's membrane and
the baslilar membrane. The space between these membranes forms a
third cochlear channel, the scala media, which is filled with endo-
lymph. Within the scala media, lying on the basilar membrane is the
Organ of Corti which 1s the site of the auditory receptor cells and

nerve endings (see Fig. 16).

1.5.2 Structure and Innervation of the Organ of Corti

The Organ of Corti consists of the tectorial membrane, the receptor
cells (the hair cells) and their supporting cells (Fig. 16). In
most mammals the hair’cells are arranged in four rows; thrée rows of
outer hair cells (OHCs) and one row of inner hair cells (IHCs ).

The afferent nervé distribution is different fcr OHC anthHC.

The basilar fibres (Fig. 17) are the only afferent fibres leeding to



Figure 16

Cross section of the human cochlea. Upper, vertical section
of the human cochlea showing Organ of Corti and adjacent structures.
Lower, Organ of Corti and basilar membrane in greater magnification.

(From Rasmussen, 1943.)
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Figure 17

Schematic representation of the innervation of the Organ of
Corti.

(From Spoendlin, 1973.)

Figure 18

Schematic representation of the efferent synaptic connections
in the Organ of Corti.

(From Spoendlin, 1973.)



Figure 17

Figure 18
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All fibers in full black are efferent.
Radial dendrites to the inner hair cells
(D), inner spiral fiters (iS), tunnel spiral
fibers (T), upper tunne) radial fibers (R},
basilar fibers (B), outer spiral fibers (0S)
and nerve endings at the base of the outer
hair cells (N)

At the outer hair cells (OH) synaptic con-
tacts are almost exclusively with sensory
cells and at the inner hair cells (IH) only
with the afferent dendrites (A). Efferent
endings (E).
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the OHCs. These basilar fibres are few in number, the whole cochlea
containing only 2000 - 3000 (Spoendlin, 1969a) which represents only
some 5% of the 50,000 neurones in the cochleaf nerve,

Each IHC 1s innervated by about 20 afferent unbranched strictly
radial neurones, the small endings of which form one synapse with the
IHC (Spoendlin, 1973).

The afferents té the OHCs take a long spiral course (some 0.6 -
0.7 mm) as outer spiral fibres between the supporting cells, before
sendiné their terminal collaterals to the hair cells (Fig. 17). In
the last 209/unof its course each of these fibres sends collaéerals

to about 10 OHCs, and each hair cell in the basal turn is provided with
four afferent endings from different neurones (Spoendlin, 1969b).

The distribution of afferents is radial to IIiCs and spirai to
OHCs (Spoendlin, 1966). Some 95% of the afferent neurones of the
cochlear nerve innervéte the IHCs, the remainder innervating the OHCs.
In contrast, the OHCs receive a greater Proportion of the efferent
innervation than do the INCs.

The afferent cell bodies are located in the spiral ganglion,

The axons of these cells make up the cochlear nerve, which is the
only afferent pathway from the cochlea, The cochlear nerve consists
of some 50,000 1 - %Aﬁ1fibres, the majority of which have diameters
from 2 - éﬁuﬂ(Gacek and Rasmussen, 1961; Hall and Rdnning—Arnesen,
1974), which extend from the cochlea to the cochlear nueleus of the
braiﬁ stem.

The efferent nerve supply to the Organ of Corti consists of
some 500 fibres in the olivocochlear bundle which form the intra-
ganglionic bundle and finally the inner spinal bundle and upper tunnel
radial fibres (see Fig. 17). In the basal turn each OHC receives 6 - §

axosomatic synapses from the upper tunnel radial fibres, a number

~e e LD
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which is gradually reduced toward the cochlear apex. In contrast, the
inner spiral bundle fibres extend over a considerable (as yet undeter-
mined) distance, forming axodendritic synapses on the afferent radial

fibres from the IiCs (see Fig. 18 (Spoendlin, 1969a)).

1.5.3 The Course of the Primary Afferents

In order to provide a description of the course of the primary
afferents in relation to the cochlear nucleus (CN) the gross anatomy
of the latter will be considered first. For the ﬁresent purpose the
sub-division of the CN on the basis of the most conspicuous morpho-
logical features Into three parts - the anteroventral (AVCN), postero-
ventral {PVCN) and dorsal (DCN) cochlear nucleus - will be ﬁsed.

These divisioés are used merel& for description, and a more detailed
discussion of the cytoarchitecture of the CN 1s deferred to Section
1.5.4.

All afferent fibres from the cochlea terminate in the cochlear
nucleus (CaJal, 1909; Lorente de No, 1933a, b; Powell and Cowan, 1962;
Osen, 1970). The nerve fibres bifurcate near the point of entry into
the cochle;r nucleus forming the ascending branches which enter the
AVCN and the descending branches which penetrate the PVCN and then
continue into the DCN (Held, 1893; Cajal, 1909; Lorente de No, 1933a).

The ascending branches are gathered in small bundles which run-
rostrally end dorsally curving slightly in the lateral direction, at
about 90o from the direction of the original cochlear fibre. The
most dorsal ascending branches which emerge from the medial tip of the
nerve root lie more caudally and medially than the more ventral ascend-
ing branches.

The descending branches continue in the directior. of the original

fibres, and 1n contrast to the ascending branches, are convergent and
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become densely packed in their course between the cells of the PVCN.
At the caudal extreme of the PVCN the descending branches curve
laterally and rostrally at an angle of about 90°, entering the DCN
where they continue in a direction approximately parallel to the
ascending branches. The majority of the descending branches enter
the DCN caudal to the root of the acoustic striae (see Section 1.5.5.),
looping around the latter (Osen, 1970).

The most ventral fibres of the cochlear nerve root innervate the
anterior AVCN and DCN, whereas thé most dorsal cochlear nerve fibres
innervate the posterior AVCN and DCN. As a consequence of this strictly
ordered distribution of the cochlear nerve fibre branches, the primary
afferents become arranged in the same tonotopical order in the DCN,

PVCN and AVCN (Lorente de No, 1933a; Sando, 1965; Osen, 1970); this
has also been found experimentally in single unit studies (e.g. Rose,

Galambos and Hughes, 1959).

1.5.4 Anatomy and Cytoarchitecture of the Cochlear Nucleus

The CN has been the subject of extensive anatomical studies
(e.g. Cajal, 1909; Fuse, 1913; Lorente de No, 1933a, b;
Harrison and Warr, 1962; Harrison and Irving, 1965, 1966a, b; Osen,
1969a, b, 1970; Cohen et al., 1972; Kéne, 1974; Brawer, Morest and Kane,
1974; Brawer and Morest, 1975). The CN forms the first relay centre
in the ascending auditory pathway, each cochlear nerve fibre estab-
1ishing contact with many cells (Lorente de No, 1933b). In addition,
several tracts of descending fibres from higher auditory centres
terminate in the CN (Held, 1893; Lorente de No, 1933b; Rasmussen,
1960, 1967). Subdivision of the complex has been made on cellular
characteristics using Golgi (Lorente de No, 1933b; Brawer et al.,
1974), protargol (Harrison and Irving, 1965, 1966a, b) and Nissl or

Glees (Osen, 196%a;Brawer et al., 1974) staining techniques.
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The classical study of Lorente de No (1933b) subdivided the
cat CN Into thirteen divisions; the DCN was dealt with in considerable
detail, but no mention was made of the criteria used in the sub~
division of the VCN. Both this and a later study by Harrison and
Irving (1965, 1966a, b) did not deal with the entire cochlear nucleus
complex. The study of Osen (196%), however, subdivided the whole
complex and provided a coherent description of the eytoarchitecture.
This study was, however, limited by the use of cell body stains which
do not reveal such neuronal features as dendrites and axons. A later
study (Brawer et al., 1974) did not suffer from this limitation and
therefore provided a more detailed scheme of subdivision,

Since, however, no attempt has been made in the present study to
specifically relate responses to individual cell types it would be
inappropriate to discuss these parcellation schemes in minute detail.
The distribution of the nine cell types defined by Osen (196%1) are, however,
briefly summarised in Fig. 19, in order to provide the background to
some of the data discussed in later sections.

Briefly one can trace many features of the cytoarchitecture of
the cochlear nucleus which are consistent in most of the studies in
the literature. This 1s particularly true of the DCN, which is a
complex structure, consisting of four layers; the ependymal, molecular,
fusiform and polymorph layers (Fig. . 19), The main differences
between the studies of Osen (196%)and Brawer et al. (1974) in this
division of the cochlear nucleus, result from the more detailed
Golgi based distinctions of the latter authors which divide up the
cell types of Osen (the giant and small cells) into several types
(radiate, horizontal and vertical giant cells, small stellate, small

elongate and cartwheel cells).



Figure 19

Schematic representation of the distribution, within the cochlear
nucleus, of nine cell types defined by Osen.

(From Osen, 1969a.)
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Fi gure 19

€ 10rge spherical cell @glctutar cell 1 ; pyremiccl ced % gont cett

vy .
© smacil spherical ceil A multipolar el \w octopus cell « granuicr  ceil x smal cell

Sagittal diagrams of the cat cochlear nuclei demonstraling
the ventval nucleus isolated (in A) and the ventral wnucleus parily covered by
the dorsal nucleus (in B).

The distribution of the nine cell types (23) is indicated by different
symbols (see key below). B demonstrates the course of.the ascending (a. b.)
and descending branches (d. b.) of the cochlear fibers and the fascicles of
intrinsic fibers (i. f.) interconnecting the dorsal and ventral nuclei. In B
merely the small cells and grannlar cells are shown in the ventral nucleus,

Abbreviations used in Fig

a. b, ascending cochlear branch

a.v.c.n, anteroventral cochlear nuclcus

C, caudal _

cap, peripheral cap of small cells

c. £, centrifugal fibers of Lorente de N6

co. f., cochlear nerve fiber

co. rest., restiform body

co, trap., trapezoid body

coll,, collaterals of primary fibers

c.r.d.c.n, central_region of the dorsal cochlear nucleus
c.r.v.c.n, central region of the ventral cochlear nucleus
D, dorsal '

d., dendrite

d. b, descending cochlear branch

d.c.n, dorsal cochlear nucleus”

ep., , ependyma

floc., flocculus

gi., giant cell

gr., granular cell

‘gr.c. 1, granular cell layer

h, fibers’ mediating impulse to tigh tonal frequencies

i f., intrinsic fibers
L, lateral
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The VCN is divisible into many areas on the basis of cell shape,
size and packing density. These areas do not delimit distributions
of particular cell types (except the central part of the PVCN which
delimits the distribution of octopus cells), indeed the cell pop-
ulations within these areas are in most cases heterogeneous. Since
particular cell types occur in more than one area as defined by
Brawer et al. (1974), and accepting that morphology of the cell and
structure of the neuropil must play a crucial role at the synaptic
level, one may question whether such parcellation schemes have a
functional significance or whether it is the cell type irrespective

of its location, which determines its response,.

1.5.5 Projection of Cells of the Cochlear Nucleus on Higher Auditory

Nucleil

Three afferent fibre tracts arise in the cochlear nucleus; the
trapezoid body in the AVQN, the stria of Monakow (dorsal acoustic
stria or DAS), in the DCN and the stria of Held (intermediate acoustic
stria or IAS) in the PVCN. (Lorente de No, 1933b.) These are not,
however, fibre tracts from single cell types in the cochlear nucleus
to single higher auditory nucleii. The large and small spherical
cells, globular and multipolar cells of Osen (196%)project via the
trapezoid body, each type ending in different higher nucleli, The
large spherical cells project bilaterally onto the medial superior
olive, whereas the small spherical cells project to the ipsilateral
1ateral superior olive (Osen, 1969b). The globular cells send their
very thick axons across the midline to the contralateral medial
trapezoid nucleus (Harrison and Irving, 1966b). The field of termin-
ation of the multipolar cells is not definitely settled, but fibres

from regions of the PVCN in which such cells are found are reported

to terminate bilaterally in certain periolivary nucleii (Warr, 1969),
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The octopus cells project via the IAS (Lorente de No, 1933b;
Harrison and Irving, 1966b;Osen, 1969b) and terminate bilaterally
in the pre and peri-olivary nucléii (Fernandez and Karapas, 1967;

Warr, 1969).

The giant cells project via the DAS and the contralateral lateral
lemniscus (Osen in Osen, 1970, unpublished observations), but their
field of termination remains obscure. The fusiform cells also pro-
Ject via the DAS (Kane, 1974) onto the central nucleus of the contra-
lateral inferior colliculus (Monakow, 1891; Fernandez and Karapas,
1967).

The small cells and granule cells do not project into areas
outside the cochlear nucleus complex. The small cells usually have
short axons which terminate within the complex, the majority apparently
establishing contact with the fusiform cells (Kane, 1974), while others
give rise to the system of assoclation fibres interconnecting DCN
and VCN (Lorente de No, 1933b; see 8ection 1.5.7). The granule cells
have short plump axons which contact the somas and dendrites of the

fusiform cells (Osen, 1970; Kane, 19T4).

1.5.6 Efferent Connections to the Cochlear Nucleus

At least four major efferent pathways to the CN have been
described (Lorente de No, 1933b; Rasmussen, 1960, 1967). The olivo-
cochlear bundle (OCB) from the pre- and peri-olivary nucleii (Rasmussen,
1946; Rossi, 1968), passes through the vestibular root and gives off
collaterals to the cochlear nucleus which terminate predominantly
among the granular cells of the superficlal layer of the AVCN (Rasmussen,
1967).

A second tract originating from the lateral superior olive passes

through the vestibular root and converges along the medial margin of
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the AVCN from whence the fibres disperse uniformly among the cells,
This is the largest population of recurrent fibres which enter the
cochlear nucleus (Rasmussen, 1967).

The two remaining major tracts innervate the DCN. The first
described by Lorente de No (1933b), arrives at the cochlear nucleus
via the caudal stream of the trapezold body, passes between the des-
cending trigeminal root and the AVCN or PVCN, and penetrates the DCN.
The region of entry into the DCN was termed the nucleus centralis by
Lorente de No (1933b) but is not differentiated by other authors.

The source of this tract is reported by Rasmussen (1967) to be the
Inferior Colliculus and the dorsal nucleus of the lateral lemniscus.
The second tract to the DCN takes origin in the ventral nucleus of

the contralateral lateral lemniscus and passes around the rest iform
body and enters the DCN via the dorsal acoustic stria (Rasmussen, 1960).

Rasmussen (1967) also reports centrifugal fibres from the homo-
lateral superior olivary complex forming a minority of the endings
in the PVCN.

The results of several studies have indicated that efferent
synaptic terminations are found throughout the CN (Lorente de No,
1933b; Harrison and Irving, 1965; Lenn and Reese, 1966; Osen, 1970;
Brawer and Morest, 1975 Kane, 1974). It would appear that apart
from the globular cells (Osen, 1969a)which apparently receive pre-
dominantly primary input (Osen, 1970), most of the cell types of the
cochlear nucleus recelve centrifugal imnervation. It is not possible

at this time, however, to determine the exact source of the innervation

to the different cell types.
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1.5.7 Intrinsic Connections of the Cochlear Nucleus

In addition to the ascending and descending connections to the
CN, there is also an intranuclear pathway which links the AVCN and
DCN. This tract was first described by Lorente de No (1933b) and
has since been confirmed by other workers (Harrison and Warr, 1962;
Warr, 1969; Osen, personal communication), Within this pathway are
fibres running in both directions between AVCN and DCN (Lorente de
No, 1933b; Osen, personal communication to Evans). In addition, Osen

suggests that an intranuclear pathway betweén DCN and PVCN might also

exist.
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1.6 Physiological Studies of the Cochlear Nucleus

The cochlear nucleus represents the first stage along the
audltory pathway at which information carried by the discharge of
single cochlear fibres can be recoded. It is perhaps not surprising
therefore that the responses of single cells in the cochlear nucleus,
even in response to a simple tone burst, are far more diverse and
complex than the apparently homogeneous responses of the cochlear
nerve (for a review of the available cochlear nerve literature to

1974 see Evans, 1975a).

1.6.% Tonotopie Organisation

The first study of single unit responses in the auditory system
was that of Galambos and Davis (1943). These authors intended initially
to study single cochlear fibres and concluded subsequently that the
recordings were in fact from cochlear nucleus cells (Galambos and
Davis, 1948). In the followlng years other workers also obtained
cochlear nucleus recordings (e.g., Tasaki and Davis, 1955) but it was
not until over a decade after the original recordings that extensive
qualitative and quantitative data were reported in the classical
study of Rose, Galambos and Hughes (1959).

The Rose et al. study revealed a strict tonotopic organisation
within each major subdivision of the cochlear nucleus (AVCN, PVCN,
and DCN, see Section 1.5.3). Within each of these divisions the
characteristic frequencies (CFs) of the neurones (1.e. the frequency
to which the neurone is most sensitive) are arranged sequentially
from high to low frequency, in the dorsal to ventral, posterior to
anterior and medial to lateral directions. This ordering results

from the precise branching and arrangement of the incoming cochlear

fivres (see Section 1.5.3).
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1.6.2 Classification of Unit Responses and the Location of Response

Types Within the Cochlear Nucleus

These early studies found a wide variety of responses many of
which were of an inhibitory nature (e.g. Galambos, 1944; Rose et al.,
1959). No correlation was suggested, however, between the types of
responses and their location other than the suggestion by Rose et al.
that units having non-monotonic discharge versus intensity functions
or build-up temporal patterns were located in the DCN.

The classification of single unit response types due to Klang
and Pfeiffer and their colleagues (Kiang.et al., 1965b; Pfeiffer,

1966) distinguishes responses which can at least be correlated with
unit locations within the major subdivisions. These authors recognised
five different types on the basis of interval histograms of spontaneous
discharge and of post stimulus time histograms generated 1n response
to short CF tone bursts 20 dB above threshold.

The five response types of the earlier paper (Kiang et al., 1965b)
were reduced by Pfelffer (1966) to four, two categories being
combined into a single category termed 'primarylike' (see Table 2).

The four different response types are lllustrated in Fig. 20 and

the interval histogram and location data summarised in Table 2., The
first type 1s termed 'primarylike' due to 1ts similarity to responses
of primary fibres. Both 'primarylike' response types have inter-
spike interval histograms of spontaneous discharges which have modes
of less than 12 ms, The maJor difference betwéen the two is that

the decay of the inter -splke interval histogram is exponential for
one response type (found in posterior AVCN and PVCN) and faster than
exponential for the second (found only in AVCN). The latter also have
a characteristic action potential waveform consisting of a positive

deflection preceding the large negative splke. The envelope of the



Figure 20

Perli stimulus time histograms from four different cochlear
nucleus units in response to CF tone bursts. The four responses
are typical of the categories of response described by Kiang et
al., 1965b and Pfeiffer, 1966. The first category 'primarylike',
is represented by unit P77-10, the second 'chopper', by unit P27-9,
the third 'pause', by unit P26-3 and the fourth 'on', by unit
P115-3. ’

(From Pfeiffer, 1966.)

Table 2

-Properties of interspike interval histograms of spontaneous
activity and anatomical locations of units of the four categories
described by Kiang et al., 1965b and Pfeiffer, 1966.

(From Pfeiffer, 1966.)



Figure 20

Table 2

1‘ST histogram* of responses to tone-burst stimuli jor jour
different units. The stimulus levels, relative to unit VDL, wore:
P 77-10, 20 Ob; 1*27-0, 25 Ob; 1'23-fi, 21 Ob and 1*115 3. 22 Ob.
In each ease, only the first 40 (of 100} msec of time after the
presentation of each tone burst is shown. The. titles of the
Individual histograms, in this and the remaining figures, specify
the following: 1st row'; eat and unit number, tone buret at
characteristic frequency (TiKT), signal level in Ob re 200 v
peak to peak into condenser earphone, repetition rate in bursts
per second, and approximate duration in msec; 2nd row; type
of histogram (I'ST), bin width, and number of discharges in
sample of data computed. The last bin on ail histograms is an

“overflow” bin
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post stimulus time histograms of primarylike responses shows a
maximum at onset which decays smoothly to a relatively steady dis-
charge which is maintained for the duration of the tone burst.

The second response type the so-called 'chopper' consists of
_units whose post étimulus time histograms are characterised by
distinet, regularly spaced peaks. Units with 'chopper-type' responses
have been found in posterior AVCN, PVCN and DCN (see Table 2).

The third category of response pattern, the 'pauser' consists
of units whose post stimulus time histograms are characterised by
a pronounced dip following an initial peak. This type of response
was only observed in the DCN. Generally, the response pattern for
any unit did not differ substantially at higher levels from the pattern
that prevailed at 25 dB above threshold. In contrast, definite changes in
the response patterns for tone bursts of long duration do occur for
some units. For example, 'pauser' units often showed the build-up
type of response (as described by Rose et al., 1959) to long tone
bursts.

The final category, the 'on' response, consists of those units
whose fSTHs are characterised by an initial peak or peaks with little
activity thereafter. 'On' responders were found in the IN (inter-
stitial nucleus of Lorente de No (193%,bkee Section 1.5.4, which
approximately corresponds to the cochlear nerve root), the PVCN and
on rare occasions in posterior AVCN and in DCN.

Recently Kiang et al. (1973) have been able to firmly associate
the 'on' responses with the octopus cells of the PVCN and the 'pauser’
or 'build up' responses with the fusiform layer of the DCN. For the
most part, however, response types cannot be related exclusively to
specific regions within the CN but can be related to the major sub-

divisions (DCN, AVCN and PVCN) and in a few cases to particular cell

types.
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Rose et al. (1959) suggested that the lack of precise correlation
of response types to location within the cochlear nucleus might have
been due to two factors: a) theilr analytical approach, which was the
visual inspection of discharge patterns to manually chosen pure tone
aﬁd click stimuli, and b) elimination of some significant differences
between units by the deep anaesthesia employed in their study.

In a series of experiments complementary to that of Kiang et al.,
Evans and Nelson (1973a)explored the suggestions of Rose et al. b&
using systematic analyses and comparing responses under various
anaesthetics with responses from unanaesthetised preparations. Using
the degree to which inhibitory effects were produced by single tones
and the relative extent of the band of inhibitory frequencies as
criteria, they classified thelr data into five response categories:-
1. Sustained excitation only, over a restricted range of frequencies;
2, Excitation as in 1. but followed by inhibition of the spontaneous
rate with the termination of the stimulus ('off inhibition');

3, Excitation as in 2. with inhibitory frequency bands extending
above and/or below the excitatory band ('side band inhibition');
4, Predominantly inhibitory response, inhibition of spontaneous
discharge took place over a relatively wide band of frequencies
relative to the excitatory bandwidth and where both excitatory and
inhibitory bands were found within 10 dB of threshold;

5. Wholly inhibitory response area,

The distribution of these response types was found to be a funection
of both location and anaesthetic. Type 1 was found most frequently
in VCN, whereas Type 2 was found in all parts of the complex. Type 3
was most commonly found in the DCN and Types 4 and 5 were found almost

exclusively in the unanaesthetised or chloralose anaesthetised DCN,
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There were no significant differences between the AVCN and the
PVCN in any of the anaesthetic states but the DCN differed from the
VCN in two major respects.

Under all conditions the proportions of Types 3, 4 and 5 were
substantially greater in DCN than VCN and Types 4 and 5 were almost
never found in VCN whether or not anaesthetics were used.

The second difference was that while anaesthetic had no signi-
ficant effects on responses of the VCN, profound differences were
found between unanaesthetised and anaesthetised DCN preparations.

Type 5 was almost never found in DCN under pentobarbitone or halothane
anaestheslia but was the predominant response in DCN of unanaesthetised
animals which either had intact auditory pathways or were decerebrate,
followed by Types 4, 3 and 2 in that order. The effects of anaesthesia,
while negligible in the VCN, serilously attenuated the inhibitory
responses of the DCN tending to obliterate differences between VCN and
DCN. _

The study of Evans and Nelson (197%) agrees very well with the
results of Kiang and Pfeiffer and colleagues (Kiang et al., 1965b;
pPfeiffer, 1966). Units which had purely excitatory responses and
simple time courses, that is 'primarylike' units, were found to pre-
dominate in the VCN in both studies. From the PSTHs of units of
Types 3 and 4 (of Evans and Nelson) in response to CF tones 20 dB
above threshold, it is evident that these types correspond to the
'build up' or 'pauser' classifications of Pfeiffer (1966). Such
responses were only found in DCN in both of these studies.

Recently the classification scheme illustrated in Fig. 21, which
combines many of the features of both the Evans and Nelson and the
Kiang et al. classifications has been used by Gisbergen (1974) and

Gisbergen et al. (1975a, D, ¢). These authors initially divided the



Figure 21

The classification scheme of Gisbergen (1974), which depends

upon excitatory and inhibitory responses, spontaneous activity and
temporal discharge patterns.

The number of units contained in each category is indicated
above every box, Absence of a numoer indicates that such units were
not found. The number of units dropped at a branch point (because

classification was not possible (N.C.) or because the set of data
was inadequate (N.I.)), are indicated.

(From Gisbergen, 1974.)

Table 3

Distribution of the units in the various categories described
by Gisbergen, 1974 (see Fig. 21).

(From Gisbergen, 1974, )
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Figure 21

Table 5

Percentage of DCN neurons (granular layer units
included) in each of the various categories (see
text!). For a given unit category percentages
above 50 indicate predominant occurrence in the
DCN, whereas percentages below 50 indicate pre-
dominant occurrence in the VCN.

A AS S A(S) total

transient - - - 18 18
sustained 0 24 100 11 28
build up - 100 - 100 100
complex 90 - 20 69
not classified - 100 - 63 72
not investigated 26 55 100 52 54

total 1n 59 100 40 50
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units according to the amount of inhibition shown (A = Activation
only, AS = Activation and Suppression, S = Suppression only, A(s)
= Activation with too low spontaneous for detection of suppression),
and secondly according to their temporal pattern of activation
(transient, sustained, build up and complex). Many of the categories
obtained elearly correspond to groupings of previous schemes. For
example, the S type units of Gisbergen et al. correspond to the Type
5 units of Evans and Nelson. Gisbergen et al. alSo found that many
of the unit categories were assymmetrically distributed between DCN
and VCN; this is summarised in Table 3.

As with previous investigations responses which consisted only
of sustained activation were only found in VCN (ef. Types 1 and 2
of Evans and Nelson, 1973 ; Primarylike Types 1 and 2 of Pfeiffer,
1966). S units (suppression only) were found only in the DCN (ef.
Type 5 of Evans and Nelson, 197%). AS and A(s) units (activation and
suppression) were found in both DCN and VCN (ef. build up and pauser
units of Pfeiffer, 1966; Types 3 and 4 of Evans and Nelson, 1977%),
The distribution of the build up temporal pattern was found to be«
similar to that of the pyramidal cells (Osen, 196%)a finding consistent
with that of Kiang et al. (1973). -

It is clear that the three classification schemes described
which'use temporal discharge pattern, amount of inhibition and a
combination of both as eriteria, all produce categories which are
consistent with each other and which can be associated with particular
subdivisions of the cochlear nucleus and in a few instances with
particular cell types. There is, however, a considerable discrepancy
petween the distribution of some response types as found by different

investigators, This will be more fully discussed in the following

sectiqn-



- 68 -

1.6.3 Response of Single Units as a Function of Frequency

The major difference between the response of cells in the cochlear
nucleus and of single cochlear fibres, 1s the presence in certain
cochlear nucleus cells of frequency regions in which the activity of
the cell is inhibited by single tones. Cells with entirely inhibitory
response areas have been found occasionally in the unanaesthetised
cat VON (Moushegian et al., 1962; Evans and Nelson, 1973a)and in the
DCN of cat (Gerstein et al., 1968; Evans and Nelson, 1973;). More
commonly found are inhibitory regions contiguous with the éxcitatory
response reglons; the so-called 'inhibitory side-bands' (Galambos,
1944; Katsuki et al., 1958; Moushegian et al., 1962; Greenwood and
Maruyama, 1965; Gerstein et al., 1968; Evans and Nelson, 1973a;
Gisbergen et al., 1975a). Inhibitory responses are generally assoclated
with cells located in the DCN; Gisbergen et al. (1975a)reported 96%
of DCN cells in the barbiturate anaesthetised cat and 60% of the VCN
cells showed inhibitory responses. Evans and Nelson (1973a)
reported only 50% of DCN cells showing inhibitory effects 1n the
parbiturate anaesthetised cat, rising to 92% in the unanaesthetised
preparation. In the VCN, however, Evans and Nelson only found 10%
of cells showing inhibitory responses irrespective of the anaesthetic
state. Gisbergen et al., suggested that the differences in the
proportions between their study and that of Evans and Nelson may have
peen due to two factors: 1) the finer frequency resolution used in
their study might have facilitated detection of narrower inhibitory
pands, and 2) off-inhibition was studied using 1 sec tone bursts and
would therefore have been stronger and more easily detectable than in
the FEvans and Nelson study.

The Evans and Nelson study used 54 frequency steps of 0.74 kHz

for units of CF 10 kHz and over, whereas Gisbergen et al. used 80
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frequency steps of 1/4%0 octave, which for a unit of CF 12 kHz would be
0.225 kHz steps. Thus Gisbergen et al. would have detected side bands
up to three times narrower than the Evans and Nelson study. The
majority of Evans and Nelson Type 3 and 4 units had build-up or complex
temporal discharge patterns and were located in the DCN., Gisbergen
et al. also found that AS and A(s) neurones with build-up or complex
temporal discharge patterns were iocated in the DCN. Thus the larger
proportion of VCN neurones showing inhibition found by Gisbergen et al.
must have had predominantly sustained temporal discharge patterns. If
Evans and Nelson had not failed to deteect very narrow side bands of
such neurones they would have classified them as Types 1 or 2.

Assuming that the different proportions of VCN neurones showing
inhibition is simply due to the higher resolution technique detect-
ing narrower inhibitory areas, it suggests that the inhibitory side
bands in VCN are narrower than in DCN,

Young and Brownell (1976) found diffefences in the unanaesthetised
cat DCN in the proportions ofrresponse types 4 and 5 from the pro-
portions reported by Evans and Nelson. Here again some of the dis-
crepancy 1is attributed oy the authors to differing techniques enabling
identification of weak effects which might have been missed by the
techniques of Evans and Nelson.

The frequency resolution of the method used by Young and
Brownell was 0.1 or 0.2 octaves which for a unit with CF of 12 kHz
would be of the same order as the resolutlon of the Evans and Nelson
study, and could not therefore be a source of differences. One
possible explanation of the differences in the proportions of Types
4 and 5 1s that Young and Brownell ﬁsed ether anaesthesia during the
decerebration surgery. This anaesthetic 1s extremely long acting and

unless recording was delayed by many hours the animal would still be
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in a state of partial anaesthesia and Type 5 responses would only be
found infrequently.

All of the studies of units showing inhibitory responses lead to
'the conclusion that the functional organisation of the DCN 1s more
complex than the VCN and inhibitory phenomena are less widespread
and less dramatic in the VCN than the DCN.

Greenwood and Maruyama (1965) undertook a detailed study of
the variations in temporal patterns of discharge, with variation of
stimulus parameters inside and outside the excitatory response areas.
They were able to show that there was a continuous transition between
frequency regions in which there occurred silent periods of no dis-
charge, preceding a response or intervening between onset spilkes and
jater firing,and frequency regions in which spontaneous discharge
could be inhibited by single tones (inhibitory side-bands). Many
stimuli exerted on a single unit both net excitatory and net inhibitory
effects which succeed each other. Similar findings have been reported
py Nelson and Erulkar (1963), Evans and Nelson (1972a),Gisbergen (1974)
and Gisbergen et al. (1975a). |

Several authors have considered the possibility that the extent
of the excitatory response areas of single neurones might vary with
their location within the CN and that units with inhibitory side-bands
might have narrower response areas as a consequence. Some of these
studies comparing the response areas of neurones from different CN
sub-divisions with each other and with cochlear fibre response areas
are reviewed and discussed with respect to the findings of the present
study in Appendix C. At this stage it is sufficient to note that
the presence of inhibitory side bands does not result in response
areas consistently narrower than those of units only showing excitation.

Furthermore, the extent of the excitatory response area is not
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exclusively related to the location of the neurone.

1.6.4 Response of Cochlear Nucleus Cells as a Function of Intensity

Units in the VCN generally have monotonic rate functions similar
to those of single cochlear nerve fibres, rising from spontaneous
rate to saturation rate over 30 dB or so (GCalambos and Davis, 1943;
Rose et al., 1959; Greenwood and Maruyama, 1965; Mgller, 1969 ).

However, in some cells located in the DCN, frequencies which
are excitatory at levels near threshold become inhibitory at higher
levels. The rate functions of such cells are therefore non-monotonic
(Rose et al., 1959; Greenwood and Maruyama, 1965; Goldberg and Greenwood,
1966; Greenwood and Goldberg, 1970). Since the non-monotonic units
in the study of Greenwood and Maruyama (1965) were not spontaneously
active, they were unable to demonstrate whether the regions in which
activity was reduced as stimulus intensity was increased were con-
tinuous with the regions in which spontaneous activity could be
ijnhibited by single tones. Their data are, however, consistent with
such a suggestion.

Further discussion of the way in which the discharge of single
units in the cochlear nerve and nucleus varies as a function of

intensity, is deferred to Chapter Three.

1.6.5 Function of the Centrifugal and Intranuclear Comnections of

the Cochlear Nucleus

It is apparent from Sections 1.5.2 and 1.5.6 that the cochlea
and cochlear nucleus receive abundant efferent innervation. In
general, the action of these deséending pathways has been studied by
stimulation of either the fibres in passage or the nuclel of origin.

Despite considerable agreement between studies of the descending
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pathways, their function remains obscure., The following is a brief
survey of the majJor findings of studies of the descending pathways

(for more detail, the interested reader 1s referred to the comprehensive
reviews of Whitfield (1967), Klinke and Galley (1974), Demesdt (1975)
and Evans (1975a: pp. 72 - T7).

Briefly, the effects of OCB stimulation on the cochlea are, a
reduction of the CAP amplitude, an increase in the CM amplitude (Galambos,
1956; Fex, 1959) and inhibition of spontaneous and tone evoked
activity of single cochlear fibres (Fex, 1962; Weilderhold, 1970;
Weiderhold and Klang, 1970). The inhibition of cochlear fibre discharge
takes 40 - 110 ms to develop and seems to resemble a reduction in
the level of acoustic stimuli. Thus the discharge rate versus intensity
function is shifted to higher levels by amounts of 1 - 25 dB (Weiderhold,
1970).

The effects of stimulation of the crossed OCB on the CN have been
{nvestigated by Starr and Wernick (1968). These authors found both
excitatory and inhibitory effects on spontaneous and tone evoked
activity; inhibitory effects were encountered most often. The effects
on the spontaneous activity persisted afﬁer sectioning of the cochlear
nerve and were not therefore an indirect result of the OCB action on
the cochlea. It 1s, however, unclear to what degree the inhibition
of tone evoked activity reflected the inhibition of cochlear fibres.

The largest descending tract to the CN has been studied by Comis
and Wnitfield (1968). These authors found that stimulating the medial
portion of the lateral superior olivary nucleus with direct-current,
increased the spontaneous and tone evoked activity of single cells
in the ipsilateral AVCN, in some cases reducing the threshold by up
to 15 dB. Stimulation of the lateral portion of the lateral superior

olivary nucleus evoked inhibition in cells of the DCN and in some cells

of the VCN (Comis, 1970).
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Comls and Whitfield (1968) also studied the effects of stimulating
the dorsal and ventral nuclel of the contralateral lateral lemniscus.
Stimulation of the ventral nucleus evoked inhibition of spontaneous
and tone evoked activity in the DCN, whereas stimulation of the dorsal
nucleus evoked both inhibition in the DCN and excitation in the VCN.

Presentation of acoustic stimull to the contralateral ear also
evokes inhibition in the CN (Pfalz, 1962; Klinke, et al., 1969; Mast,
1970b). This effect is mediated not by the crossed OCB but by path-
ways in the trapezoid body (Grubel et al., 1964). The inhibition
evoked was frequency dependent; frequencies at either side of the CF
were most effective in inhibiting the response to an ipsilateral CF
tone (Klinke et al., 1969).

In summary, the descending pathways to the CN produce both
excitatory and inhibitory influences on single CN cells. In the main,
excitation is found in the'VCN and inhibition in the DCN.

It would appear that, to a first approximation, the distribution
of fhe inhibitory responses eliclted by activation of the descending
pathways, is similar to that of the inhibition observed 1n response
to acoustic stimulation (see Sections 1.6.2, 1.6.3 and 1.6.4 above).
Thus one may question whether the inhibition observed in response to
acoustic stimulation is mediated by the descending pathways. Certainly,
in the anaesthetised animal, the descending pathways do not mediate
this inhibition since anaesthesia eliminates efferent activity (e.g.
see Klinke et al., 1969). There remains, however, the possibility
that the descending pathways may contribute to the tone evoked inhibition
observed in the CN of unanaesthetised animals. Evans and Nelson (1973b)
rejected this suggestion on two counts. 1. The latency of the

jnhibition observed in the CN to acoustic stimulation is short compared

with that of the experimental activation of the descending pathways.,
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2, The inhibitory responses found in animals in which the descending
pathways are severed are not significantly different from those of
animals in which the descending pathways are intact.

These same authors . showed <. = that the latencles of excitation
in the DCN were greater than for excitation in the VCN and the latencies
for inhibition in the DCN were greater than for excitation in the VCN.
Evans and Nelson were also able to demonstrate short latency inhibition
in the DCN as a result of activation of the intranuclear pathway between
VCN and DCN (see Section 1.5.7). They therefore suggested that 'the
most likely interpretation of these data therefore is that the DCN
receives its predominant, inhibitory (and possibly excitatory) input
from the AVCN via the intranuclear pathway'. This suggestion is con-

sistent with other physiological and anatomical data (see Evans and

Nelson (1973b) for details).

Reviews of physiological studies of other aspects of cochlear

nucleus activity will be found in the appropriate chapters.
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1.7 Current Explanations of Intensity Codingz

This discussion is an examination of the arguments for and against
current models of intensity encoding in the peripheral auditory system. It
has been included at this point for two main reasons: 1) these models
suggest ways in which sensitivity to small intensity differences may be
maintained over a wide dynamic range; and ii) the psychophysical experiments
designed to test the predictions of the modeis have led to the hypotheses
which the pregent experiments have sought to test. The following paragraph
is a brief recapitulation of the problem of encoding intensity differences
which has already been mentioned in the preface to this chapter.

Galambos and Davis (1943) found the dynamic range of most 'auditory
fibres' to be of the order of 30 dB. Although it was later found that these
' auditory fibres! were in fact cochlear nucleus cells, similar restricted
ranges (30-50 dB) have also been found in cochlear nerve fibres (Kiang et al.,
1965a). When thése single nerve fibre dynamic ranges are compared with the
range‘over which the auditory system can diseriminate small intensity dif-
ferences (up to at least 100 dB above threshold, see Sections 1.2.5 and
1.3.3) a considerable discrepancy 1s evident. At low stimulus levels a
singlé cochlear fibre can certalnly signal a difference in the stimulus
intensity by a difference in its discharge rate, but above the stimulus level
at which the fibre's discharge saturates, small level changes do not evoke
changes in the discharge rate. A single cochlear fibre therefore appears
i{ncapable of signalling intensity differences in ierms of differences in its
mean Trate of discharge over a range of intensity sufficlently wide to account
for the psychophysical diserimination data.

Sachs and Abbas (1974) have, however, reported data which indicate
that complete saturation of the discharge rate does not occur‘in all cochlear
fibres. In some cochlear fibres a decrease in the slope of the rate function
takes place at 20-50 dB above threshold and the discharge rate continues to .-

rise albelt slowly as intensity is further increased. In the cochlear fibre
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data of Evans (Section 3.3.4) all fibres, even those showing such a slope
change, were saturated by 60 dB above threshold. At present, therefore, 1t
i{s unclear whether the cochlear fibres having wide dynamic ranges (of the
order of 80 dB) obtained by Sachs and Abbas (1974) are present in sufficient
numbers to account for the psychophysical discrimination data., The data of
Sachs and Abbas are considered in detail in Sections 3.1.2 and 4.4.6 but for
the following discussion 1t is assumed that complete saturatlion of the dis-
charge of the majority of cochlear fibres occurs at levels of 20-50 dB above
threshold.

The two explanations considered below have been suggested as ways in
which sensitivity to small intensity differences might be maintained over wide
ranges of intensity, despite the restriction imposed by the limited single
fibre dynamic ranges. Not surprisingly, considering that Galambos and Davis
(19#)) found a wide range of single unit thresholds, such a wlde range has teen
incorporated in several formulations of the mechanism of loudness and intensity
coding (e.g. Fletcher, 1953; Flanagan, 1965; Zwislocki, 1965). Thus, Fletcher
(1953) assumed a range of single unit thresholds in excess of 90 dB, but only
a limited single unit dynamic range. He suggested that the loudness of a 1 kHz
tone could be signalled by the total discharge rate of a 'patch of nerves',
which varied from 1-90,000 splkes persecond as the intensity was changed from
5-120 dB. It is easy to see how such a system could result in maintenance of
differential sensitivity to intensity over a wide range of intensity, since
over the whole range some elements would only be exeited Jjust ebove threshold.
Such elements could therefore signal small intensity differences by large
differences in their discharge rate. The ranges of single unit thresholds are
giscussed in detall in Section 3.1.1. It 1s sufficient at this stage to note
that although wide ranges of minimum thresholds at any frequency have indeed
peen reported (Galambos and Davis, 1943; Katsuki et al., 1962; Kiang et al.,

1965a; Mast, 1970a) it has been shown that these wide ranges were due to pooling
of data from different animals and/or inadequate calibration of the sound
equipment. The range of thresholds at any frequency found in a single ear

is only of the order of 20 dB (first shown by Kiang, 1968).
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Several authors have suggested that the information content of
an auditory signal is conveyed by the totality of responses in the
entire array of fibres in the cochlear nerve (e.g. Stevens and Davis,
1938, p. %06; Galambos and Davis, 1943; Fletcher, 1953, p. 112),

One such model is that due to Allanson and Whitfield (1955),
who Inferred the pattern of responses within the complete array of
cochlear nerve fibres from the available responses of single cochlear
nerve.fibres. They used the data of Galambos and Davis (1943) which,
although in fact from second order reurones, embodied responses
which were later also found in the cochlear nerve. From these data
Allanson and Whitfield constructed idealised iso-intensity response
contours for a single fibre as shown in Fig. 224 Assuming that the
shape of such response contours was the same for all fibres they
were able to construct the pattern of activity in the complete array
of cochlear fibres as shown in Fig, 22B, This spatial pattern of
actlvity within the cochlear nerve, defines both the frequency and the
intensity of a signal; intensity is represented by the spread of
the activity and frequency by the loeation of the region of active
fibres within the total cochlear fibre array. At high stimulus
levels the flbres most sensitive to the stimilus frequency become
saturated and the pattern of active fibres becomes flat topped. At
stimulus levels sufficlent to form a central flat saturated region
in the pattern of nerve activity, it is assumed that simple dis-
criminations of frequency and intensity must be made on the basis of
changes in the activity of fibres at the edges of the active region.
Changes in intensity alter the spread of the pattern of activity and
its edges therefore elther converge or diverge. Changes in frequency
alter the position of the active region and both edges therefore move

in the same direction across the fibre array,



Figure 22

A - idealised iso-rate contours for a single cochlear
fibre derived from Galambos and Davis (1943)

‘B - distribution of the mean discharge rates in the whole

array of cochlear fibres assuming all fibres have iso-rate contours
as in figure 1.

(From Allanson and Whitfield, 1955.)

Figure 23

Postulated temporal distributions of responses in the cochlear

nerve to amplitude modulation, frequency modulation and simultaneous
amplitude and frequency modulation.

(From Allanson and Newell, 1966.)
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Postulated responses in auditory nerve to (a) a pure tone, (b) a frequency-modulated
tone, end (c) en amplitude-modui&Ilcu iouc. Active regions in the nerve arc indicated oy shadjng.

Postulated responses in auditory nerve to dtone modulated simultaneously ir. frequency
and amplitude.
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The hypothesis that both the frequency and the intensity of a
signal are encoded via a common mechanism has been tested for tonal
stirmuli by Allanson and Newell (1966), for noise stimuli by Zwicker
(1962) and for tones masked by noise by Feth (1972).

Allanson and Newell (1966) used tones simultaneously modulated
in both frequency and amplitude. The hypothetical patterns of
activity produced by such tones depends upon the relative phases of
the two modulation envelopes as illustrated in Fig. 23, The subjects
were required to classify the signals as elther amplitude or frequency
modulated. The subjective responses to the mixed modulation signals
was found to depend upon the phase angle between the modulation
envelopes, therefore suggesting a common mechanism involved in the
detection of frequency and amplitude fluctuations of the signal.

Zwicker (1962) sinusoidally varied the low frequency cut off
and amplitude of an octave noise band in the presence of a high
pass masking noilse, Changes in the high frequency edge of the pattern
of activity would therefore be obscured and any sensation of modu-
lation would be due to temporal varliations in the lower cut off
frequency of the noise, When the amplitude fluctuations are in
phase with the lower cut off frequency excursions, the sensation of
modulation should be enhanced and when they are in anti-phase the mod-
ulation sensation should be degraded. The predicted enhancement
and degradation of the modulation sensation was in fact obtained and
Zwicker concluded that detection of frequency and amplitude fluct-
uations involved a common mechanism.

Feth (1972) suggested, however, that the results of Allanson and
Newell (1966) and Zwicker (1962) could be explained in terms of the
spectra of the mixed modulation signals rather than by variations in

the patterns of activity generated by such signals within the auditory
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system. He therefore compared the detectability of small intensity
changes of a signal in the presence of a masking noise which obscured
one edge of the hypothetical pattern of activity produced by the
signal. Under such conditions, small frequency changes should augment
or degrade the detectabllity of the intensity increment. No such
alterations in the discriminability of the intensity increment were
observed, unless the frequency change was large enough to be dis-
eriminated on its own. Feth concluded that his results could not be
explained in terms of the simple model in which both intensity and
frequency are represented in the pattern of activity in the cochlear
nerve.

Recently the hypothesis that intensity 1s encoded vlia the spread
of activity in the cochlear nerve has been tested by experiments on
the discrimination of small intensity increments for signals in the
presence of a bandstop masking noise. At high intensity levels such
a masking noise should cause saturation of fibres at both edges of the
region of activity produced by the signal in the cochlear nerve,

Thus at high intensity levels at which (because of single fibre
saturation) intensity discrimination is assumed to be dependent on
changes in the activity at the edges of the reglon of active fibres,
the discrimination of intensity should be considerably degraded by
the presence of the bandstop masking nolse.

The data of Viemeister (1972) and Moore and Raab (1974) indicated
that for pulsed sinusoids in the presence of bandstop nolse, no such
degradation in intensity discrimination at high intensities is
observed. However, as Viemeister pointed out in a later paper
(Viemeister, 1974), for sinusoidal signals the stopband might not
e been narrow enough to eliminate recruitment via spread of

hav

excitation within the stopband and the response of primary fibres
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is also considerably different to sinusolds, clicks ang noise (e.g.
phase locking to sinusolds). Viemeister concluded that inferences
about the effective limit produced by the bandstop noise on the
frequency region over which intensity information is avallable, should
be regarded as tenuous. He therefore studied the intensity discrim-
ination of broad-band and band limited noises which do not suffep

from such considerations. If the discriminatién of intensity changes
of broad band noise at high levels depends upon changes in the activity
of fibres at high and low frequency regions, then introduction of

a bandstop nolse masker should produce an increase in the Weber
fraction ( A I/I) which should be directly related to the level of
the masking nolse. No such large increase in the Weber fraction is
observed for either broad-band or band limited signals in the presence
of bandstop nolse masker. Weber's law holds over at least an 80 4B
range under these masking conditions (Viemeister, 1974).

Unlike the study of Viemeister in which both signal and masker
were simultaneously gated, Moore and Raab (1975) studied discrimination
of wideband and band limited noise bursts in the presence of a
continuous bandstop noise background, Their results were similar to
Viemeister's in that although the Weber fractions d1d increase with
increasing level the effects were quite small. The absolute size of
the Weber fraction depended upon the width of the masker stopband,
For a masker which was 10 dB above the test

noise the Weber fraction only increased by 0.9 dB for one subject and 2,3 g

for the other, over a 50 dB intensity range., "Viemeister (1974) and Moore and
Raab (1975) tested the possibility that subjects were able to make use of
frequency éomponents outside of the notch. To do this they filtered

the wideband test noise to match the notech in the masker. Such

filtering of the test noise had no significant effect on the Weber
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fraction obtained and it was therefore concluded that the subjects were
using information only from the frequency components of the test noise
which were located within the notch in the masker.

The data of Moore (1975) is somewhat at variance with other dis-
cerimination data, in that itvindicates that when subjects are deprived
of information from the edges of the region of activity generated by a
1/3 octave band of noise, thelr discrimination deteriorates markedly,
for some centre frequencies, as intensity is increased, Moore found
that intensity discrimlination of 1/3 octave noise bands when presented
alone was essentidlly independent of the sensation level for all centre
frequencies. When, however, these 1/3 octave noise bands were presented
in a 2 octave masking noise, the discrimination performance was only
jndependent of level for centre frequencies up to 4 kHz. At centre fre-
quencies higher than 4 xHz the discrimination performance became progres-
gively worse as the sensation level was increased., The DL for a noise of
centre frequency of 6 kHz increased from about 2 dB to 7 dB over a range
of 60 dB.

Recently, experiments similar ta those of Moore (1975) have been
conducted by Pick (personal communication) Intensity DLs4were deter-
mined for one octave and 1/3 octave noise bands in the presence of a
pandstop masking noise with appropriate stopbands. Pick found no sig-
nificant differences in the shape of the DL versus intensity function for -
frequencies above and below 4 xHz. Specifically, the DLs for both one
and 1/3 octave noise bands centred at 8 kHz 1in a bandstop noise also
centred at 8 xHz, were independent of sensation level up to 90 dB SL
(approximately 100 dB SPL). Weber's Law was shown to hold even for these
high frequency bands of néise over a range of about 80 dB. It is not
at all obvious why the data of Moore and those of Pick on the intensity

discrimination of noise bands should be so markedly different,
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From the foregoing it can be seen that predictions from simple
fibre array models, in which intensity is represented by the spread
of activity and frequency by the location of the active region within
the total array, are not borne out by the results of bandstop noise
masking experiments or the results of the high and low pass noise
masking experiments of Feth (1972). It therefore seems reasonable
to conclude as did Viemeister (1974) that

'the observers need not listen outside of a fixed

frequency region, a spatial region presumably served

by a fixed number of flbres, in order to detect

small Intensive changes over a large range of

intensities. The implication is that a spread of

activity along the cochlear partition is not necessary
for the auditory system to maintain its wide dynamic

range.'
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1.8 The Present Study

It should be emphasised at this point that the experiments reported
in this dissertation have been directed at the specific question of
how information concerning intensity differences is carried by single
neurones over a wide dynamic range. No attempt has been made to
investigate the way in which intensitylgggigg is represented in the
auditory periphery.

The results of the different types of experiment employed in the
present study are reported in separate chapters (3, 4, 5), Since
these experiments deal with separate facets of the problem each of these
chapters is written as a more or less Separate investigation with an
introduction and a detailed discussion of the results,

Finally, these data are brought together and discussed in chapter .
six with reference to the encoding of intensity, intensity differences,

and of information relevant to frequency selectivity,

The experiments reported in chapter three investigated the suggestion
that the limited dynamic range of single cochlear fibres may be recon-
ciled with the psychophysical dynamic range, i1f the fibre thresholds
are distributed over a wide range of intensity. M>re Specifically,
it has been suggested by several authors that the OHCs are some 30-40
dB more sensitive than the IHCs, and that a second high threshold
population of fibres must exist in the cochlear nerve in addition to
that already reported. (These arguments are largely refutable and the
experiments upon which they are based are reviewed in Section 3.1.1.)
If such a high threshold population of cochlear fibres does exist, it
has been systematically overlooked, which, in fact, 1s not an unlikely

eventuallty since only two laboratories have published extensive data
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(Klang et al., 1965a, Kiang, 1968; Evans, 1972) and both use the same
approach to the cochlear nerve,

All cochlear fibres terminate in the cochlear nucleus, which is
readlly accessible end tonotopleally organized., Thus the probability
of missing a minority population of neurones in the cochlear nucleus
is considerably lower than the probability of missing a population of
cochlear fibres. Single unit minimum thresholds were therefore
measured in the cochlear nucleus and no indications were detected of
a population of neurones with thresholds higher than those of
cochlear fibres,

Also reported in chapter three are the results of a study of

single neurone dynamic ranges at both the cochlear nerve and cochlear
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nucleus levels. It was confirmed that cochlear nerve fibres become
saturated within 20 - 60 @B of threshold, The dynamic ranges of
monotonic cochlear nucleus cells extended over a simllar range, but
a few cells (of the 'sloping saturation' type, see Section 3.1.2)
had dynamic ranges of up to 80 dB. A second population of cochléar
nucleus cells, which hagd nen-monotonic rate versus intensity functions,
had dynamic ranges of up to 100 dB, It was suggested that such wide
ranges reflected the spread of activity into lateral inhibitory areas
at high intensities,

The dynamic range data reported in Chapter Three and in the
literature, represent the range over which the mean discharge rate,
measured over the whole duration of a stimilus, varles with intensity,
The discharge of single ccchlear fibres is not, however, stable over
the duration of a stimulus of constant intensity, but declines with
time . after its onset. This reduction in the discharge rate with
time is termed 'adaptation' and is discussed in some detall in Chapter
Four. It has been suggested that adaptation is the result of a
reduction in the gain of the system. If this were the case, then
the response to small intensity increments should differ when they
occur before or after adaptation. Smith and Zwislocki (1971) studied
the adaptation of monotonic cochlear nucleus cells and its e%fect on
the responses to small intensity increments, However, since the
analyses of Smith and Zwislocki were only performed over a 10 B
range of intensity, their conclusions as to the behaviour of neurones
in response to stimuli at intensities beyond those causing saturation
of the discharge rate could not be derived from their data, Thuys
the experiments reported in Chapter Four were instigated in order
specifically to test the conclusions of Smith and Zwislocki (1971)

by performing a similar analysis over a much wider intensity rangé.
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The conclusions of Smith and Zwislocki were, in the main, sub-
stantiated in that:

1. The responsesto 1ntensity increments were not affected by the
adaptation process.

2, In some units the firing rate in response to a 200 ms tone burst,
measured at 180 ms after its onset, saturated at a higher intensity
level than the onset firing rate.

3, In some units, saturation of the firing rate measured at 180 ms
after the stimulus onset did not limit the response to an intensity
increment occurring at 180 ms after the stimulus onset.

It was concluded, however, that any extension to the dynamic
range (as usually defined) due to the wider .
dynamic range of the firing rate measured at 180 ms after the onset,
or in response to an increment at 180 ms, was still insufficient to
account for the wide dynamic range for intensity discrimination shown
psychophysically.

It is, nevertheless, evident that under conditions of bandpass
noise masking, information concerning intensity differences is
transmitted by neurones innervating a particular basilar membrane
location, over an extremely wide intensity range. This, the experiments
reported in Chapter Five were designed to examine directly. The
responses of single neurones, to signals analogous to those used in
the psychophysical masking experiments, were measured, in order to
determine whether reéponses to such complex stimuli can be predicted
from responses to single tonal stimuli (as reported in Chapters Three
and Four).

In éreliminary experiments several DCN units were analysed which
did indeed respond to the bandstop noise and tone combination in a

manner not readily predictable from the responses to single tones,
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DCN units were found which responded to tone level changes in the
presence of the bandstop noise masker over ranges of intensity of up
to 110 dB. 1In order to investigate the mechanism for this extension
of the single neurone's dynamic range, a series of parametric studies
were undertasken in which the signal to masker intensity ratio and notch
bandwidth of the noise were systematically varied. The results of such
analyses clearly demonstrate that the very wide dynamic range of such
neurones is the result of lateral inhibition which occurs at the
level of the cochlear nucleus, Similar analyses performed on single
cochlear nerve fibres falled to reveal responses which eould not be
predicted from the responses to single tones,

It was concluded that some cochlear nucleus cells re—éncode the
intensity information which is present in the cochlear nerve in some
form other than the mean discharge rate. Similar considerations were
also shown to apply to the encoding of information relevant to frequency

resolution at supra-saturation levels of intensity.
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CHAPTER TWO: GENERAL METHODS

This chapter will be devoted to a deseription of those methods
Common to all of the experiments performed in this study. Detailed
dGSCriptions of the stimuli and the analyses used in the different
classes of experiments are deferred to the appropriate chapters.

Extracellular recordings were made from single neurones in the
Cochlear nucleus of twenty cats by means of microelectrodes inserted
Under direct vision, after aspiration of the overlying cerebellum.
F'Ollowin,g; the cochlear nucleus recordings in eight of these cats,
Dr. E, F. Evans inserted microelectrodes into the cochlear nerve and
reoordings were made from single cochlear fibres. Essentially the
8PProach to the cochlear nucleus used was that of Katsuki et al.
(1958) and the surgical methods those of Evans (1972) and Evans and

Yelson (1972a).

2.1 The Physiological Preparation

1) Anaesthetic

Céts of mean weight 2.75 kg (range.1.9 - 4.5 kg) were anaesthetiéed
¥1th Pen£obarbitoneAsodium (veterinary nembutal 30 hg/kg). The ‘initial
Induction dose was administered intraperitoneally and if‘the animal
"as not unconseious after 10 - 15 minutes a fufther intraperitoneal
dose of 0.25 ml nembutal was given (approx. 5 mg/kg pentobarbitone
Sodium),

The depth of anaesthesia was assessed every two hours, and the
*Quireq depth was maintained by intravenous injection of supplementary
d°§es of on average 0.2 ml of nembutal (approx. 4 mg/kg pentobarbitone

s
Odium) A variety of criteria were used in Judging the depth of

a
naestheSia As the depth of anaesthesia decreases, the pedal reflex
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becomes more vigorous, the pupil diameter increases, the end tidal
carbon dioxide concentration increases, and the mean and pulse blood
pressures increase.

i1) Cannula insertion and physiological econtrol of the preparation

Thé animal's head, neck and tail were shaved and a rectal therm-
ister was inserted and sutured into place. The animal's temperature
was maintained at 36 - 38°C by a heating blanket (Electrophysiological
Instruments Ltd.), thermostatically controlled by the.rectal thermister.

A subcutaneous injection of atropine sulphate (60/ug; 0.1 ml of
6oo/ug/h1) was glven routinely as soon as the animal became unconscious
and before commencement of surgery. During later experiments, especially
those intended to continue for several days, 300,000 units of procaine
penicillin were intramuscularly and 300,000 units subcutaneously,
administered.

Both brachial veins were cannulated (with PP60 polythene tubing),
one being routinely used for infusion with 5% Dextrose in water ‘
solution (at 0.05 ml/min) and the other for administration of supple-
mentary doses of nembutal.

The right carotid artery was cannulated (with PP100 polythene
tubing) to enable continuous monitoring of the blood pressure by means
of a p?essure transducer (Bell and Howell Ltd.) and a pen recorder
(Devices Ltd.). Sodium citrate was continuously infused (at 0.01 ml/min)
via the arterial cannula to eliminate the risk of blocking by blood
clotting.

If the mean blood pressure fell below 100 mm Hg, methoxamine
hydrochloride (a peripheral vasoconstricter) was added to the venous
infusion to ralse the mean blood pressure to above 100 mm Hg (a 1 ml
ampoule of 20 mg/ml methoxamine hydrochloride was added to 100 ml of

5% Dextrose and a dose of 0.2 ml was often sufficient). Occasionally
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depression of the blood pressure was accompanied by bradycardia,
suggesting vagal inhibition; in such cases the sympathetic stimulant
methylamphetamine was administered intravenously to raise the mean
blood pressure to above 100 mm Hg (a 1.5 ml ampoule contaihing 30 mg
of methylamphetamine was added to 100 ml of saline and a dose of
0.2 ml was usually sufficient).*

The trachea was cannulatéd (with a 6, 7 or 8 nm diameter glass
'Y' ecannula) to reduce the dead space and allow artificial respiration
by means of»a Palmer 'Ideal' respiration pump (model 16/24), End
tidal carbon dioxide concentration was measured by a Beckmén I1B-1 infra-
red gas analyser, sampling from the tracheal cannula at a2 continuous
rate of 200 ml/min, and was monitored on the pen writer and maintained
at 4 - 5% by artificial respiration with a 60:40 mixture of air:
oxygen. (This mixture ensured complete oxygenation of the blood
without the risk of oxygen toxieity which results from prolonged res-
piration of pure oxygen.)

111) Exposure of the cochlear nucleus

A midline incision and lateral retraction of the skin allowed the
temporalis muscle on the left side of the skull to be separated from
the skull and. removed completely. The external auditory meatus was
then mobilised and divided leaving a few millimeters of the internal
auditory meatus distal to the bony ring of attachment. The musculature
of the neck were then separated from their attachments along the nuchal
ridge and the posterior aspect of the bulla was cleared of its perios-
teum. The animal was then transferred to a conventional stereotactic
instrument and secured initially by means of ear bars and a conventional
head holder (securing the head to the stereptactic instrument by the hard
palate and infraorbital ridges). A brass plate was then screwed to

the animal's skull and clamped to the stereotactic instrument. When

# Some support of the blood pressure was required in twelve out of the
twenty animals but on no occasion was the mean pressure allowed to fall
enough to produce elevations in thresholds of single neurones. The

thresholds measured before and after support of the blood pressure were

—-—u
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this plate had been attached the ear bars could be adjusted without
movement of the head.

The bulla was then carefully dried and a hole was drilled through
the posterolateral aspect. A stainless steel wire, insulated with
tefloh except at the tip, was inserted through this hole, making con-
tact with the bony rim of the round window. This wire was used for
recording click evoked gross neural cochlear 'actlon potentials' (CAPs).
The visual detection threshold of the CAP was used to assess the con-
dition of the cochlea at the outset and were monitored periodically
throughout the experiment to check for cochlear deterioration.

The round window electrode was sealed into the bulla (with
dental wax), along with a 10 cm length of 0.5 mm inside diameter nylon
tubing. Since the animal was anaesthetised it could not equalise the
pressure in the middle ear cavity with the atmosphere’? oxygen uptake
from the middle ear would therefore cause decreases in the static
pressure. Such static pressure changes alter the transmission charac-
teristics of the middle ear (Bekesy, 1941). The tubing was therefore
used to provide a means of static pressuré equalisation, whilst
retaining the normal closed bulla conditions for the auditory experiments.

A large craniotomy was performed over the posterior fossa on the
1eft side, extending arteriorly to the tentorium, medially to within
a few millimeters of the midline, posteriorly to a few millimeters
pelow the nuchal ridge and laterally to the Lambdoid suture, The dura
was then removed and the lobes of cerebellum overlying the cochlear
nucleus were aspirated away. In later experiments a spatula was
inserted at this point in the proceedings, to draw back the cerebellum
thus reducing the amount of cerebellum which had to be removed to
allow adequate exposure of the cochlear nucleus, The area around the

cochlear nucleus was irrigated with warmed (}700) physiological saline
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until sufficient clotting had occurred to prevent the nucleus from
being obscured by haemorrhage.

iv) Insertion of the microelectrode and stabilisation of the

recording site

The microelectrode was introduced under direct vislon into the
cochlear nucleus. The angle of approach was usually 20 - 25° from the
horizontal plane and 1 - 1.5 mm from the lateral margin of the cochlear
nucleus. (In some experiments in which it was desired to study neurones
in the DCN, a penetration angle of 60 - 65° to the horizontal was often
used.)

Qhen the electrode had been positioned satisfactorily, 2% clear
agar in physiological saline at }800 was injected into the cavity and
allowed to set, in order to stabilise the recording site. In some
animals the stability proved to be inadequate, units being lost after
only a few minutes. When this occurred, two strategles were employed
to improve stability: a) the animal was sutured through
the interspinous ligament between two lower thoracic vertebrae and
supported by means of a 'bridge' across the stereotactic instrument;

b) bilateral pneumothoraces were produced. The combination of the
agar and a) and b) above usually gave sufficient stabllity and many
units were recorded for 1 - 13 hours.

When the electrode was in place and calibrations of the sound
system (see Section 2.3) had been completed, the complete stereotactic
instrument which was mounted on castors was wheeled into a double
walled sound attenuating enclosure (modified after Thornton, 1967).

The microelectrode was then advanced remotely by means of a
hydraulle system, consisting of two 1 ml luer lock syringes connected
by polythene tubing, the whole being fllled with liquid paraffin.

The microelectrode could be advanced or retracted by a micrometer
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'pushing' or 'pulling' the syringe piston. The backlash of this
system, mainly due to the long length of tubing requ;red to reach
into the soundproof box, was of the order of 1.9’4m.

v) Insertion of electrodes into the cochlear nerve

After the cochlear nucleus recordings had been completed on eight
cats, Dr. E. F. Evans inserted microelectrodes into the cochlear nerve.
The final cochlear nucleus electrode was snipped off using fine bone
nibblers and left in situ. The spatula holding back the cerebellum
was removed without disturbing the agar and reinserted between the
agar and the temporal bone. Whilst aurally monitoring the click
evoked CAP, the spatula was gradually moved into position beside the
cochlear nucleus and retracted medially exposing the cochlear nerve.

A cessation of the CAP indicated that the cochlear artery had been
obstructed and 1n such cases the spatula was removed and relocated.
Once the spatula had been successfully located, microelectrodes could

be introduced into the cochlear nerve under direct vision.

2.,1.1 Choice of the Anaesthetie

Several studies have revealed that barbiturate anaesthesia has
profound effects on the responses of neurones in the cochlear nucleus
(see Sections 1.6.2, 1.6.3). Clearly then, the most appropriate
preparation from which to Araw comparlisons wilth psychophysical data
is the unanaesthetised animal, data from which is not confused by
the effect of the snaesthetic. In the present study, however, sodium
pentobarbitone anaesthesia has been used throughout. This would

appear to be unJustifiable considering the data reviewed in Sections

1.6.2 and 1.6.3.

However, the experiments reported in Chapter Four were an extension

of an interesting study by Smith and Zwislockl (1971, 1975) and Smith
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(1973), which wereperformed using sodium pentobarbitone anaesthesia.
To faéilitate comparison between these studies the same anaesthetie
has been used, Furthermorg, the experiments of Chapter Four were
designed to test the hypothesis that the adaptation ocecurring in
primarylike cochlear nucleus units might provide a mechanism by which
single units encode intensity over a wide range (see Section 1.6.2 and
Chapter Four). The electrodes were therefore aimed to traverse the
AVCN where sﬁch responses predominate. The responses of units in the
VCN, according to Evans and Nelson (1972%), are not significantly
different in the anaesthetised preparatiéh from the unanaesthetised
preparation. |

In the bandstop noise masking experiments reported in Chapter
Five the DCN proved to be the area of primary interest. 1In this case
it was desired to compare the responses obtained from the cochlear
nucleus with responses from the cochlear nerve for which, apart from
a limited study of Simmons and Linehan (1968), no data on the un-
anaesthetised preparation is available. Howéver, the results of
Simmons and Linehan suggest that the responses of at least one cochlear
nerve fibre is unaffected by anaesthesia. Therefore, comparisons
between unanaesthetised cochlear nucleus preparation and anaesthetised
cochlear nerve preparations could still be valid,

The second major comparison drawn was between the single neurone
dynamic range and the psychophysically determined dynamlic range. Use
of anaestheslia enabled study of the responses of single units to
intensity changes which were.uninfluenced by the action of either the
efferent nervous system or contraction of the middle ear muscles, If
the psychophysical dynamic range depends upon these systems, then
the results should indicate only a narrow single unit dynamic range,

which as will be seen (Chapter Five) was not the case at the level of
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the DCN, but was the case at the cochlear nerve level.

These DCN responses were clearly a result of interaction of
excitatory and inhibitory influences. Evans and Nelson (1973a) found
that the major effect of barbiturate anaesthesia was to reduce—the
amount of inhibition observed in the ICN. Since the responses observed
‘in the DCN were heavily dependent on inhibition it was considered un-

necessary to alter the techniques used.
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2.2 Conduct of Experiments

i) Isolation of units

50 ms bursts of wideband random noise were presented every 200 ms
as search stimuli, usually at approximately 50 4B SPL.

11) Routine measurements on a unit

Whén & unit was 1solated, the frequency threshold ("tuning')
curve (FIC) was determined as a matter of routine. For animals éo7 -
343 the FTé determinations and subsequent analyses, during and after
the experiment, were performed manually. In later experiments (395 -
570) FIC determinations and Subsequent analyses were performed auto-
matically by a PDP-8 computer (see Evans, 1975b; Evans and Wilson,
1975). Spontaneous discharge rate was determined by taking up to
twel§e readings of the number of spikes occurring in successive one
second intervals, using a Venner event countep (Type TSA 6634/2).
Having determined the unit's FIC and spontaneous rate, data for.other
analyses were collected until the unit was "lost' or until satisfactory
analyses had been completed,

111) Penetration marking

wheﬁ the electrode penetration was completed (i.e. the electrode
had passed through the cochlear nucleus) or if the electrode became
blocked or broken, the agar was aspiratéd away and another electrode
penetration was initiated. In early experiments using dye-filled
electrodes, the electrode penetration was marked with dye deposits and
the electrode was withdrawn completely. In later experiments, owing
to the lack of success of dye injection (see Appendix D) the electrode
was snipped off, using fine bpne nibblers, a few millimeéers from its
point of emergence from the cochlear nucleus, and its tip (some 8 - 9 mm)
left in situ during fixation. This procedure gave a very clear indi- ‘

cation of the course of the electrode track in the cochlear nucleus

sectlions.
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iv) Calibration of the sound system

At.the beginning and at the end of the experiment calibrations
of the sound system were obtained. The initial and final sound cal-
ibrations and/or any other calibrations obtained during the experiment,
were then averaged to obtain a single calibration curve from which
corrections for the sound system could be taken. The calibration
procedure is described in detail in Section 2.3,

v) Location of the recording site

After completion of the final calibration the animal was deeply
anaesthetlsed and 0.5 ml of 1000 1i.v. Beparin was administered intra-
venously. The Jjugular velns of bLoth sides were then severed and the
animal was rapidly perfused under pressure with 200 - 250 ml (approx.
10% of bodywelght) 20% formal saline at 3700 via the carotid artery,
The brain was left in situ for several hours (usually overnight) with
the electrode in situ and then the cochlear nucleus was removed for
sectioning.

5%rn;frozen serial sections of the cochlear nucleus were eut
and conventionally stained with cresyl violet for nerve cells. The
sections were examined for signs of the electrode tracks (e.g. round
cell infiltration or tissue disruption). As no dye deposits were
successfully recovered, measurements téken during the experiment were
used, in conjunction with the histology to determine the location of
units recorded from. The two most useful measurements in this respect
were micrometer depth readings and the CF of the neurone, The cochlear
nucleus is strictly tonotopically organised (see Section 1.6.1). Thus
a Jump in CF from low to high frequency at a depth of say 2 mm-along
a penetration beginning in DCN would indicate the passage of the
electrode tip from ICN to VCN. Use of such eriteria enabled the ana-
tomical location of units to within the major subdivisions of the

cochlear nucleus (DCN and VCN).
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2.3 Stimulating System

Tone signals from a low distortion oscillator (Dymar type 741)
or voltage controlled oscillator (Brookdeal type 471) were gated
with 5 ms rise and fall times by a two quadrant multiplier (Evans
and Pick, to be published). Alternatively, white or filtered noise
or lo/us ~ electrical pulées for the generation of acoustic clicks
could be selected (see Fig. 24). The 10 Jis  pulses were used to
measure the visual detection tﬁreshold of the click evoked CAP
recorded at the round window. This measure indicated the physio-
logical state of the cochlea., For example, a CAP threshold of -95 dB
jndicates a cochlea in good condition and single unit thresholds were
often lower than mean cat behavioural thresholds#* A CAP threshold
of -50 dB was, however, associated with single unit thresholds which
exceeded the mean behavioural thresholds by tens of decibels. Through-
out the experiment the CAP threshold was periodically monitored fof
signs of cochlear deterioration.

The tone or tones could be mixed with any of the alternative
signals producing such complex sounds as those used in the increment
studies (Chapter Four) or in the bandstop nolse masking studies
(Chapter Five). The ievels of the various signals were adjusted
prior to Mixef A by means of either the manual or computer controlled
attenuators (see Fig. 24). For signals more than 40 dB below maximum,
the output of Mixer A was fed via the output attenuétor (which could
pe elther manually or computer controlled) to a condenser microphone
driver. For signals less than 30 dB below maximum, the output of
Mixer A was fed via the output attenuator, a non-linear network and
a Radford 15 w power amplifiei to the condenser microphone driver.
The non-linear network was required at maximum signal levels to restrict

the harmonic distortion of the condenser microphone cartridge to less

o——

% The single unit thresholds were corrected to dB SPL at the tympanic
membrane and compared with the minimum audible pressure (MAP) audiogram.

e MAP audiogram was obtained from a mean minimum audible field sudiogram
with sultable correction for the pressure transformatlion due to the meatus
(see Wiener, pfeiffer and Backus, 1965).



Figure 24

Block diagram of the equipment for generating stimuli.
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than -45 dB for each component relative to the signal. The condenser
mierophone driver consisted of a Bruel and Kjaer 4134 3" condenser
microphone cartridge fitted with a 4 mm inside diameter probe cone
end a 4 mm inside diameter rrobe tube, Polyurethane foam was used
to ceritically damp the probe cone asserbly to produce as flat a
frequency response curve as possible,

This condenser microphone driver was fitted into an earmould
(Fig. 25) tapered to fit snugly into the internal auditory meatus,
which reﬁlaced the ear pilece of the standard stereotactic instrument
offset ear bars,

The sound pressure level at the tympanic membrane (in SPL ie,
dB re 2 x 10-5 N/h2) was determined by a eritically damped Bruel and
Kjaer 4134 3" condehser mierophone via a calibrated 1 mm diameter
probe tube inserted through a hole in the earmould into the earmould
cavity. The output of this microphone was high pass filtered to
compensate for the reduced sensitivity at frequencies above 1 kHz
due to the damping. With the condenser microphone driver removed it
was possible to inspect the tympanic membrane without removing the
earmould, the tip of the probe tube could therefore be approximated
to the tympanic membrane under direct vision.

The condenser microphone driver system produced a signal level
of about 100 dB SPL for an input voltage of 24 v R.M.S. (70 v peak
to peak) over a frequency range of 1 -~ 40 kHz, and had a smooth

response with deviations of less than 5 dB.

2,31  Calibration of the Sound System

i) Probe microphone calibration

In order to callibrate the probe tube microphone assembly a flat

sound fleld was required. This was achieved by means of a Bruel and



Figure 25

Scale dlagram of the tapered earmould, probe tube microphone
and condenser driver used for delivering and monitoring acoustic
stimull,

Figure 26

Block diagram of the equipment used for calibration of the probe
tube mierophone and high pass filter,
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Figure 25
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Kjaer 4133 3" condenser microphone, the output of which was fed via

an amplifier into the compressor circuit of a Bruel and KJaer 1024

signal genérator, which was fitted with a frequency doubler. The

Bruel and Kjaer 1024 signal generator was used to drive.an EMI series

%50 loudspeaker bass unit and a Celestlon UHF unit (see Fig. 26).

To establish a reference level the sound field was then measured by

the 4134 microphone (without its probe assembly or filtering),

amplified by a Bruel and Kjaer 2603 microphone amplifier, and a

permanent record made by a Bruel and Kjaer 2305 level recorder locked

to the frequency sweep, as the frequency was automatically swept

from 40 - 40,000 Hz. This process was then repeated with the probe
assembly in place and with high pass filtering to compensate for the fall
off in the probe microphone response due to the damping, The atfenuation
relative to the reference level, due-to the probe assembly and high pass
filtering could be measured, thus enabling

the correction due to the probe assembly and filter and the non-flat
frequency response of the 4134 microphone to be determined.

11) Sound system calibration

Toﬁe signals from the Bruel and KjJaer 1024 signal generator were
jntroduced into Mixer A and the signal levels equated to the levels
of the tones from the Dymar 741 and Brookdeal 471 oscillators (see
Fig. o). The output attenuator was then set to 10 dB below maximum
output énd the frequency swept automatically from 40 - 40,000 Hz.

in conjunction with the compensating high pass filter
The probe microphone,“see above),was used to sample the sound field
at the tympanic membrane; its oﬁtput was amplified by the Bruel and
Kjaer 2603 microphone amplifier and a permanent record was made by the
_Bruel and Kjaer 2305 level recorder locked to the frequency sweep.
The intensity, in decibels sound pressure level, at the tympanic

membrane represented by any attenuation can then

pe computed from the measured sound level by correcting for the non-
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flat frequency response of the 4134 probe tube microphone, the

attenuation due to the probe assembly and high pass filter and the

microphone 'K' factor,
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2.4 Data Collection

2.4.1 Mieroelectrodes

For the first ten experiments electrodes filled with Pontamine
Sky Blue were used to enable the recording sites to be marked with
blue dye deposits (Hellon, 1971) Since, however, the dye marking
technique was unsuccessful (see Appendix p ) for the remaining ten
experiments 4M sodium chloride electrodes were used; these electrodes
were easler to produce, less prone to blockage and gave better S/N
ratios. Both types of electrode were prepared in the same mannepr
except that the dye electrodes were tested for dye ejection.

The electrodes were prepared on a modified Palmer (H.10%)
microelectrode puller. The tips were then broken under a microscope
(x 420) by advancing the micropipettes against a glass rod until
the tios measured 1 - Z}Mnoutside diameter. The micropipettes were
then filled with either a 2% solution of Pontamine Sky Blue in 0.5M
sodium acetate, or 4M sodium chloride by injection via a 49 s.w.g.

x 23" (G31) needle. Large particles such as undissolved dye were
removed byuinJecting the solutions into the micropipette through a
Millipore filter (HAW PO 137#) with pore size of approximately 0. 4%»m.
At this stage the saline electrodes were ready for use and were
stored tip down in 4M sodium chloride. The dye electrodes, however,
were then inserted into a transparent horizontal cell filled with
saline and examined with a low power microscope (x 100) for signs of
contamination. Any electrodes containing foreign matecial were dis-
carded at this stage. A variable current source providing up to
go/AA was then connected across the electrode/saline circuit (tip
negative) and the tip was observed to see if the dye was being ejected.

If dye was ejected with application of only 5 - 2?/4A of current,
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the electrode was regarded as satisfactory and was stored tip sub-
merged in the dye solution used for filling.

The electrodes were freshly prepared the day before each experiment.
The 1lmpedances of the electrodes were determined by measuring the
voltage produced across the electrode by a pulse of 1 ms duration
from a constant current source. Dye filled electrodes of impedance
5 - 10 M or sodium chloride filled electrodes of 1.5 - 2.5 M. in

physiological saline were selected.

2.4.2 BRecording Techniques

Microelectrode potentials relative to an indifferent electrode
in the animal's mouth were amplified via a unity gain negative
capacitance amplifier (ELSA - 4: Electronies for Life Sciences).
The potentials were then amplified and filtered with gain of x 100
and bandwidth of 200 - 5000 Hz (Isleworth Electronics Preamplifier).
These signals were monitored visually and aurally and were recorded
on one channel of an analogue magnetic tape recorder (Ampex SP300) at
tape speeds of 74 1.p.s., or in later experiments 32 i.p.s.

Potentials from the round window electrode relative to the mouth
electrode were amplified (Textronix 122 preamplifier bandwidth €0 -
1000 Hz) and monitored periodically on the oscilloscope as a means
of checking the physiological condition of the cochlea. The synchron-
ising pulse from one of the pulse generators (161A or B, 162A or B,
see Fig. 24) was recorded on another channel of the analogue magnetic
tape recordér to enable synchronisation on replaying. Also recorded
on thié channel was the voice commentary to allow correct identification
of the recordings. The unattenuated outputs of the signal generators
were fed via a separate mixer (Mixer B, Fig. 24) for monitoring purposes

to the oscilloscope and to one chamnel of the analogue magnetic tape

recorder.
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A low impedance calibrator (Bioelectric Instruments Inc., Type
CA5) was included in the 'ground' circuit to the animal so that
calibration of the amplitude of the neural responses could be made
during the course of the experiments.
The impedance of the microelectrode could also be measured during
the course of an experiment. This facility was especially useful

when using dye filled electrodes which were very susceptible to

blockage.
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2.5 Anai&ses

For all analyses involving counting, averaging or post stimulus
time histogram generation spike signals from the microelectrode, or
from the analogue tape replay in the off-line analyses, were separated
from electrode noise by a Schmitt trigger disceriminator, the thresh-
0ld of which was contlnuously monitored by brightness modulation of
the monitor oscilloscope.

Response areas were routinely determined for all units. Three

determination methods have bheen used,

2.5.1 Manual Frequency Threshold Curves

The conventional manual FIC plotting method of Galambos and
Davis (1943) has been employed. Brilefly, 50 msec tone bursts with
5 ms rise fall time at a repetition rate of 5/sec were presented.
The neurone's CF was determined and then the extent of the excitatory
area measured by inereasing the intensity in steps and at each level,
decreasing the frequency towards the CF or inereasing the frequency
towards the CF untll a response was detected by audio visual eriteria.
One major disadvantage with manual FIC plotting is that no quantatative
information is provided on the presence or absence of inhibitory side
pands or on the suprathreshold responses to the tone. This method

wés the slowest used, taking up to 10 mins for units with high

spontaneous rates.

2.5.2 Automatic - Random Frequency/Intensity Plots

A PDP-8 computer was used to control the digital attenuator
(Digital Attenuator 2, Fig. 24) and the frequency of the voltage
controlled oscillator (Brookdeél type 471, Fig. 24) producing a

series of 50 ms tone bursts with a repetition rate of 5/sec, the
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frequency and intensity of which were independently and randomly varied
(Evans, 1974, 1975b). A frequency intensity area of three octaves
by 60 dB was covered in 1024 presentations i.e. 64 frequencles and
16 intensity steps of 4 dB. The number of spikes ellicited by a
single presentation of any combination of one of the 64 frequencies
with one of the 16 intensities was counted and recorded on a digital
magnetic tape unit on the computer.

The number of spikes ellicited by a stimulus was also indicated
on an oscilloscope in the experimental room, slaved to the computer
display. The display took the form of a three octave by 60 dB
frequency/intensity area, within which the response of the unit to
a particular frequency intensity combination was represented by a
vertical line at the appropriate position. The length of the line was
proportional to the number of spikes counted during the presentation
of that stimulus. The data recorded on digital magnetic tape was
plotted off-line in the same form as this on-line display (see Figs. 65, 67).

The major advantage Whiéh is afforded by this form of response
area determination is the wealth of quantatative data concerning supra-
threshold responses to the tone, and in units with sufficient spon-
taneous rate, the extent and strength of the inhibitory response areas

are readily seen (see Figs. 65, 67).

2.5.3 Automatic Frequency Threshold Curve Tracing

Thresholds és a function of frequency were determined using an
automatie computer controlled paradigm (Evans and Wilson, 1975)
analogous to that of Kiang, Moxon and Levine (1970). |

Briefly, the PDP-8 computer was used to vary the frequency and
jntensity of a 40 ms tone burst (from the voltage controlled oscillator,

Brookdeal type 471, Fig. 24) which had a 5 ms rise/fall time and was
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presented every 130 ms. The intensity was varied in 1 dB steps over

a maximum of 110 dB as the frequency was swept in 256 steps over a

3 octave range, first downward and then upward. The maximum intensity
and centre frequency were selected by the experimenter according to
the CF and minimum threshold of the unit under study. The threshold
criterion was two extra spikes during the toné stimulus compared with
an identical period immediately following the tone burst. The FIC was
drawn out as 1t was being determined by computer control of an X-Y
plotter.

The maJor advantage of this method 1s the rapidity with which a
detailed FIC can be determined, The FICs obtained are sultable for
such measurements as the 3 and 10 dB bandwidths of the excitatory area
and the high and low frequency slopes of the FIC. No information is
available from these FTC determinations about the presence or absence
of inhibitory sidebands or suprathreshold reéponses to the tone,

In practice in the two experiments in which this method was
employed (cats 450 and 570), method 2 above was also used whenever
possible, since in both caées data on the strength and extent of the

i{nhibitory side bands was required in addition to a detalled excitatory

response area.
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CHAPTER THREE: THRESHOLDS AND DYNAMIC RANGES OF SINGLE PERIPHERAL

AUDITORY NEURONES

3.1 Introduction

3.1.1 Thresholds of Single Auditory Neurones

The first single unit study of the peripheral auditory system
suggested that the distribution of the minimum thresholds of FICs of
common CF was extensive, In a single animal the minimum thresholds
at a single frequency varied by as much as 50 dB and in pooled data
by 80 dB (Galambos and Davis, 1943), Subsequent studies appeared to
confirm that such a range of thresholds existed and indicated that
the extent of the range was of the order of 60 4B (e.g. Kiang et al.,
1965a; Mast, 1970a) One study, that of Katsuki, Suga and Kann (1962)
did not find a continuous distribution of minimum thresholds but found
a bimodal distribution.

Kiang (1968) was the first to show that the variation in the
thresholds reporied in earlier studies, was mainly due to the pooling
of data from different animals. The bimodal distribution reported

by Katsuki et al. (1962) was attributed by Kiang (1968) to 1nadequacies
in their stimulating system. Considering only data from a single

ear and calibrating his sound system at the tympanic membrane, Kiang
found the distribution of thresholds at any frequency to be no more
than 20 - 30 dB. The most sensitive neurones of this distribution
approached the behavioural audiogram (Fig. 27). This finding has since
been confirmed by other authors (e.g. Evans, i972).

There 1is, however, a considerable body of ci;cumstantial evidence
which/appears to suggest that a second high thresholqd population of

neurones might exist in the cochlear nerve, In the Organ of Corti
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there are two populations of receptor cells; the inner (IKC) and
outer (OHC) hair cells (for details see Section 1.5.2). It.is the
afferent néurones from these two populations of recepéor cells which
make up the cochlear nerve. Surprisingly, however, no indication
of two populations of cochlear nerve fibres has been found; the
responses of cochlear nerve fibres are remarkably homogeneous (Kiang et al.,
1965a; Evans,. 1972, 1975a).. Several independent studies have never-
theless concluded that thé fibres innervating the OHCs should have
lower minimum thresholds than those imnervating the IHCs. Davis et
al. (1958) determined the amplitude of the whole nerve actlon potential
(CAP) as ;~function of click intensity. In the normal animal, as the
click intensity was‘increased, the CAP amplitude rose steadily from
threshold until the intensity reached about 80 dB SPL. Beyond this
level the CAP amplitude rose more rapidly with increase in intensity.
The low level portion of the amplitude function (i.e. below 80 dB SPL)
was not found in animals in which the OHCs were absent due to strep- ‘
tomycin poisoning. The authors concluded that the low level part of
the function was due to activity in a population of neurones innervating
the OHCs, whereas the high level part was due to neurones with higher
thresholds imnervating the IHCs. Subsequent investigations have also
found CAP amplitude versus intensity functions like those reported
by Davis et al. and have arrived at similar conclusions as to the
origin of the two parts (Dallos and Wang, 1974; Eggermont and Odental,
1974; Naunton and Zerlin, 1976).

More recently Evans (19755)and 8zdamar and Dallos (1976) have
proposed alternative explanatiéﬁs for the form of the CAP ve;sus
stimulus intensity function. Both schemes are essentially identical
and are not based upon two populations of cochlear fibres with different

thresholds, but rather upon the proportion of active fibres in a single



Figure 27

Minimum pure tone trresholds of single cochlear fibres from
a single cat versus their CF, compared with a curve indicating
the average. behavioural ‘threshold (interrupted line). Thresholds
in dB SPL at the tympanic membrane. Open bulla. (Behavioural
thresholds from the free~field measurements of Neff and Hind, 1955,
and corrected for the outer ear response and to open bulla con-

ditions using the data of Wiener et al., 1965, and Guinan and Peake,
1967, respectively).

(From Evans, 1975a, after Kiang, 1968.)

Figure 28

Rate versus level functions for two cochlear fibres for
frequencies at, above and below characteristic frequency. Abscissa
and ordinate show the relative intensity of sound and the number
of impulses per second, respectively. Figures on the diagram
represent frequencies of sound in kHz.

(From Nomoto et al., 1964,)
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Figure 27

Figure 28
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threshold population of cochlear fibres. The schemes may be summarised
as follows. The rate at which the proportion of active fibres grows
depends upon the sharpness of the FICs. In the normal cochlea, at low
levels, the proportion of active fibres increases relatively slowly
due to the sharply tuned tips of the FICs. At levels of 60 aB
above threshold, however, the bandwidth of the FICs increases markedly.
Thus above this level the proportion of active fibres grows more
rapidly. Assuming that the amplitude of the CAP depends on the pro~
portion of active fibres, the two part CAP amplitude versus stimulus intensity
function 1s therefore explainable in terms of a single threshold
population of cochlear fibres, Similar considerations can be applied
to the CAP amplitude versus intensity functions from kanamycin
poisoned cochleas. Kanamycin poisoning results in the loss of the
sharply tuned low threshold tips of cochlear fibre FICs (Kiang,

Moxon and Levine, 1970; Evans and Harrison, 1975). Thus in kanamycin
poisoned cochleas.only fibres with high thresholé broadly tuned FICs
remain. The CAP amplitude versus stimulus intensity function from
such cochleas would therefore be expected to be of high threshold and
show rapid increases in amplitude with increases in stimulus intensity,
Such CAP amplitude versus intensity functions have indeed been found
experimentally (e.g. Davis et al., 1958).

A second line of evidence for two éopulations 6f cochlear nerve
fibres with different thresholds was provideqd by recordings of the
cochlear microphonic (CM) potentials from animals with normal cochleas
and from animals in whicﬁ the OHCs had been selectively destroyed by
kanamyein. Using such techniques Dallos and Wang (197%) found that
the CM from the IHCs was produced at a higher intensity.than the CM
of the OHCs. They concluded that the sensitivity of the IHCS was

petween 30 and 40 dB lower than that of the OHCs,
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Several studies have suggested that the OHCs are more susceptible
to damage by acoustle stimuli than are the IHCs (Beagley, 1965; Engstrom Ades
and Andersson, 1966). It should be noted, however, that greatepr
susceptiblility to démage doces not necessarlly indicate greater sensitivity,

Hair cell damage results from éxposure to very high sound levels.,
Lower levels of sound do not produce hair cell damage but do produce
swelling of the hair cell nucleii (Neuberg and Wustenfeldt, 1955),
Nuclear swelling is observed in OHCs at lower sound levels than ére
required to produce swelling in IKCs., This swelling may be g reflection
of the greater susceptibility of the OHCs to damage, or, since no
permanent damage results, might indicate normal activity in the hair
cells. One possible interpretation of these data is therefore that
the OHCs are more sensitive than the IHCs,

On the basis of the studies of CM, noise Susceptibility, haip
cell swelling and CAP (although as discussed above the CAP data is
open to alternative interpretations), it has been suggested that the
cochlear nerve should contain two pépulations of nerve fibres; a high
threshold population deriving from the IKCs and a low threshold popula-
tion from the OHCs.

The data of Spoendlin (1973), however, suggest that the majority,
if not all, of the fibres recordéd in the cochlear nerve are afferent
fibres from the IHCs. Since the most sensitive flibres have thresholds
which fall on or near the cat's behavioural audiogram (Kiang, 1968;

Fig. 27), 1t would seem unlikely that a second population of lower
threshoid fibres corresponding to the innervation of the apparently
more sensitive OHCs should exist. To provide a mechanism to account
for the wide psycho-physically determined dynamic range, the second
population of cochlear nerve fibres would need to be of higher thresh-

old which 1s not in agreement with the Suggestion that the OHCs are

more sensitlve,
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The availlable data from recordings of single fibre responses in
the cochlear nerve demonstrate the existence of a single low threshold
population of cochlear nerve fibres, If g second high threshold pop-
ulation does exist it has been systematically - overlooked. This is
not in fact unreasonable since only two laboratories have published
nerve data extensive enough for this kind of population study (Kiang
et al., 1965a; Kiang, 1968; Evans, 1972), and the surglical techniques
and microelectrodes used in these labor;tories are essentlally identicsl.
More importantly, these investigators used the same approach to the
cochlear nerve, Thus if a minority population of fibres existed and
was located in a discrete bundle within the nerve it is quite possible
that it might have been systematically overlooked, as a result of
always sampling the same part of the nerve,

All cochlear nerve fibres terminate within the cochlear nucleus
complex (see Sections 1.5.3 and 1.5.4) and the complex is strictly
tonotopically organised (see Section i.6.1) and readily accessible
for single cell recording. Thus a second ﬁigh threshold population
of neurones is much less likely to be overlooked at the level of the
CN. Furthermore, if a minority of cochlear fibres were of smaller
diameter than the remainder, the probability of recording from such
fibres would be reduced. Since, however, the electrodes used in the
present study of cochlear nucleus cells occasionally recorded from
fibres of passage, we can be reasonably sure that they were capable
of recording from the smallest cochlear hucleus cells. Thus any
sampling bias due to the small diameters of cochlear fibres should not
be a factor at the cochlear nuecleus. The distribution of single unit
thresholds 1n both cochlear nerve and cochlear nueleus has therefore
been studied in order to determine if there is any evidence of a high

threshold population of neurones at these levels,
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3.1.2 Dynamic Ranges of Single Units

A number of authors have measured discharge rates of peripheral
auditory neurones as a function of sound level for tones (Galambos
and Davis, 1943; Nomoto et al., 1964; Wiederhold, 1970; Rose et al.,
1971; Ruggero, 1973; Evans, 1974; 1975b;Sachs and Abbas, 1974).
Although most of these authors were concerned primarily with issues
other than dynamic range, their data nevertheless contains many
features of interest to the present study.

Galambos and Davis (1943) reported that for most auditory fibres
the maximum discharge rate waé atteined at sound intensities about
30 dB above minimum threshold. The auditory fibres referred to were
in fact cochlear nucleus cells but similar dynamic ranges (20 - 50 dB)
have been found for primary fibres by Kiang et al. (1965a).

The study of Nomoto et al. (1964), however, reveals ; fibre (Fig.
28) which has a dynamlc range in respénse to 180 msec CF (1.3 kHz)
toﬁe bursts of more than 100 dB with no indication of saturation »
effects. Of 78 neurones in this study, 8 were 'not "saturated" 1.e.
did not reach a plateau level no matter how strong the stimulus at
Jeast up to 80 dB at the animal's ear'. The exact meaning of this
statement can only be inferred but since the free field sound system
used had a maximum output of 80 dB SPL one presumes that these 8
units were not saturated even by the maximum sound pressure levels
available to the authors. However, this paper follows on from that
of Katsuki, Suga end Kanno (1962), in which two populations of fibres,
with regard to threshold, were réported. If as Kiang (1968) concluded
the 'high threshold' population were low frequency tuning c&rve tails
of high CF fibres, then some of these 8 might well be high threshold
tuning curve tails which would only be driven a few tens of decibels

above threshold by maximum output of the sound system used, and
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therefore were not saturated. However, whatever considerations apply
to the other 8 fibres, the fibre 1llustrated (Fig. 28) clearly has low
threshold and a very wide dynamic range. At about 30 dB above thresh-
old, the slope of the rate-level function of the fibre shown in Fig.

28 decreases slightly. 1In this respect the CF rate-level function

of this fibre resembles 6ther cochlear fibre rate~level functions
published by several independent authors (Wiederhold, 1970; Rose et al.,
1971; Ruggero, 1973; Evans, 1974; Sachs and Abbas, 1974),

Sachs and Abbas (1974) obtained fine resolution (2 dB intensity
interval) rate versus level funetions from single cochlear fibres in
cat in response to frequencies at CF and above and below CF. Their
major findings may be summarised as follows -

1. In response to CF tones, the rate level fuﬁctions of some units
increase to saturation over a range of 20 dB and then become flat.
Other rate functions show a considerable Slope change about 20 - 30
dB above threshold, but the rate continues to increase gradually over
a range of 30 ~ 40 dB. There appears to be a continuum of behaviour
between flat and sloping saturations; rate level functions which show
sloping saturations over a considerable range of levels become flat
at high enough sound levels,

2, For those units with the same CF in the same cat the rate level
functions of which show a slope change at 20 - 30 dB above threshold,
the slope of the rate level function at high intensities tends to be
greater for units with high threshold than for lower threshold units
(Fig. 29).

3. For frequencies above CF, slope of the rate-level functions
decreases with increasing frequency.

4, Slopes of rate-level functions for frequencies below CF are

either approximately equal to the slope at CF or increase to some

maximum value as frequency decreases,
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Sloping saturations (1. above) have also been found by a number
of other authors (Nomoto et al,, 1964; Wiederhold, 1970; Rose et al.,
1971; Ruggero, 1973; Evans, 1974) but Sachs and Abbas's findings of
a correlation between the slope of the sloping saturation and the
fibre threshold has not been previously reported, Findings 3. and 4.
above have also been previously reported in the literature (Nomoto,
1964 ; Wiederhold, 1970; Evans, 1974; Geisler, et al., 1974).

Sachs and Abbas proposed a model (Fig, 30A) to account for the
relation of slope of saturation to threshold, and the dependency of
the rate-level function slope for a single fibre on frequency. The
model conslsts of a mechanical stage (the middle and inner ears which
convert pressure at the tympanic membrane to basilar membrane dis-
placement) followed by a saturating non-~linearity (the mechanical to
neural transducer which converts basilar membrane displacement to
driven discharge rate). The model is based upon assumptions which in
the light of present data are untenable. The first and foremost of
these 1s the use of Rhode's (1971) data from squirrel monkey for the
relationship of basilar membrane displacement to pressure at the
tympanic membrane (Fig. 30B). These data are at variance with other
basilar membrane measures in that they indicate a non-linear relation
of displacement to pressure for frequencies at and above the most
sensitive frequency at the point of measurement. It is upon this non-
linearity that the model of Sachs and Abbas depends. Non-linear
relations of basllar membrane displacement to preéssure at the tympanie
membrane have not been found in cat and gulnea pig; this relation is
linear in both of these animals (Johnstone and Boyle, 1967; Evans and
Wilson, 1975; Wilson and Johnstone, 1975). Since the data of Sachs

and Abbas 1s from cat cochlear nerve this would appear to invalidate

the model.



Figure 29

Rate versus level function for five cochlear fibres

the range of behaviours from flat to sloping saturati showing
ons

(From Sachs and Abbas, 1974,)

Figure 30

A. Block diagram of a model pr
e
membrane to cochlear fibre dischargia:igg pressure at the tympante

B. The relationship of pre
displacement. pressure and the basilar menbrane

C. Two rate versus level functions derived from the model
el,

(From Sachs and Abbas, 1974,)
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Figure 29

Rate-versus-level
functions (at CF) for five fi-

bers from the same cat (1/28/
74). The fibers have CFs in
the range 12.3-13. 5 kHz.
They are arranged vertically
in order of increasing thresh-
old. The arrows indicate

thresholds.

Figure 30

SPONTANEOUS
RATt.Rjp
BASILAR
MIDDLE EAR MEMBKANE MECHANICAL TO DRIVEN 1
PRESSURE (LINEAR) DISPLACEMENT RE A DlsF({:AHTAERGE
P COCHLEAR = d(P)

TRANSDUCER .
MECHANICS RO(P) '

(a) Block diagram of model relating sound pressure P at the eardrum to discharge rate Inauditory-nerve .fibers riP).
riP) U assumed to be the sum of a stimulus-driven rate SD(/>) and a spontaneous rate R,,. The relationship between pressure and
displacement i of the basilar membrane is given by the curves In(b), which are redrawn from Khode (1971). The dashed lines
represent our extrapolations of Rhode's data. Thedriven discharge rate RD la related to displacement by a “transducer" function,
two examples of which are shown In (c). In (c), RD has been normallied by R, the saturation rate of the transducer. The two ex-
amples would correspond to two f.bers with different thresholds i.
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Eleven of the fibres/figured in Sachs and Abbas (1974) which
have sloping saturations do not finally flatten out even at the
highest levels of intensity used. In some cases the slope of the
high intensity part of the rate level function (i.e. above about 30 dB above
threshold)is 1little different from that of the rapidly rising part
of the rate function (e.g. fibre 11.7, Fig. 29). Thus the dynamic
range of such units (defined as the range of intensity over which
changes in the stimulus level produce changes in the mean discharge
rate) 1s not strictly determinable since the upper limit has not
been reached. For these units the dynamic range is in excess of 50
dB and in some cases in excess of 70 dB. One sloping saturation unit
depicted in Rose et al. (1971) has also not reached complete satur-
ation and therefore has a dynamic range in excess of 60 dB.
Wiederhold (1970) also shows a unit with a dynamic range of 60 - 70
dB. However, Evans (these data are described in Section 3.3.4) has
found that in a sample of 57 cochlear fibres, 29bof which had rate
versus level functions showing sloping saturations, the dynamic
ranges varied from 20 - 60 dB with a mean of 41.5 dB., It would
appear, therefore, that although fibres with wide dynamic ranges have
peen found in the cochlear nerve (see above), they are relatively
uncommon (at least in Evans's data). The majority of cochlear fibres,
even those showing rate versus level functions with sloping saturations,
are saturated by about 60 dB SL.

Sachs and Abbas in their model relate the inflection in the rate
function to the basilar membrane displacement versus sound pressure
jevel data of Rhode (1971). Alternatively 1t could also be modelled
by two processes contributing to the output of a single cochlear
fibre (as suggested by Evans, personal communication), one process

having low threshold, rapid rise and saturation 20 - 50 dB above
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threshold and the other with high threshold and more gentle rise.
Thus the total output would have low threshold, fast rise and then a
change in slope where one process saturates and the other takes over.
Evans and Wilson (1973) in considering the 'second filter' intimated
that one possible mechénism might be an interaction of inner and outer
hair cells (for a review of evidence for interaction between hair
cells, see Evans, 1975a). Clearly, if the two hair cell populations
have different output fﬁnctions and both contribute to a single
fivre's activity, some such two stage relation of output to level
might be expected. The differing slopes of saturation might then
reflect degrees of interactlon of differing cochlear innervation,

An alternative explanation of the sloping saturation based on the
findings of the experiments in Chapter Four is given in Section 4.4.7.

A study of single neurone dynamic ranges at both cochlear nerve
and nucleus levels has been undertaken, which, in combination with
the study of single neurone minimum thresholds has enabled an
assessment of the range of intensity over which peripheral auditory

neurones are able to encode intensity changes by changes in their

mean discharge rate.
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3.2 Methods

FTCs of single cochlear fibres and cochlear nucleus units were
routinely determined using one of three methods (see Section 2.8 for
details). Briefly, the three methods used were as follows:-

1. The conventional manual plotting method of Galambos and Davis
(1943) in which the frequency and intensity of a tone burst are
adjusted by the experimenter and the threshold for excitation of the
neurone 1s determined at a range of frequencies by audio-visual
criteria.

2. Tone bursts were presented in random sequence of frequency and
intensity, controlled by a computer which concurrently counted the
number of spikes evoked during each tone presentation. The counts
were then displayed as the length of the line at the appropriate
frequency - intensity locus in a graph of intensity versus frequency
(60 dB x 3 octaves). E.g. Figs. 65 and 67.

3, Thresholds as a function of frequency were determined by an
automatic computer controlled paradigm analogous to that used by
Kiang, Moxon and Levine (1970).

The minimum threshold (i.e. at the CF) is taken as the 'threshold'
of the unit for comparison purposes. The determination of this
threshold 1s subject to error in both manual and automatic methods.
The elimination of such errors 1s discussed in the results section.

Rate versus level functions in response to CF tones were obtained
from both the increment and bandstop noise masking experiments
(Chapters Four and Five). The rate versus level functions obtained
in manual determinations were often considerably variable; because of
this purely visual estimation of the dynamic range was not considered
to be sufficiently consistent from unit to unit. The following

procedure was therefore adopted. A smoothed sigmold curve was drawn
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through the raw discharge rate versus level data and this was used
in determining the extent of the dynamic range. The dynamic range in
dB was deflned as the intensity difference between the level at which
the discharge increased above spontaneous rate and the level at which
the slope of thevrate versus level function fell to 10 spikes/10 dB.
This somewhat arbitrary cholce of criterion for the upper extreme
represented a discharge of 87.5 - 99% (mean 96.5%) of the maximum
discharge rate of 13 units for which this was checked, Occasionally,
for units with very low saturation discharge rates an alternative
criterion of 5 spikes/10 dB was employed.

The rate versus level functions obtained by use of the computer
to randomise the sequence of levels were extremely repeatable including
fine detail. Thus no smoothing of the data was performed and the
criteria described above were applied directly to the raw data,

Included in the dynamic range data are units in which the first
20 ms of a 200 ms CF tone burst was averaged to construct the rate
function as well as units in which the spike rate was averaged over
500 ms. One might expect differences in the dynamic ranges measured
at onset and over 500 ms (see Chapter Four) and therefore these data

have been analysed separately.
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3.3 Results

3.3.1 Pooled Cochlear Nucleus Threshold Data

Figure 31 shows the pooled threshold data from seventeen cats,
No attempt has been made to select animals with comparable CAP
thresholds. The CAP thresholds of these animals to 19}A$ clicks
varied over a range of 44 dB with a standard deviation of 10.3 gB.
This contrasts markedly with the nerve data reported by Kiang et al.
(1965a), which consisted of data from twelve cats selected for CAP.
thresholds at the round window within 5 dB of one another. Due to
this lack of selection of the data in Figure 31 one would expect
that the range of thresholds at any frequeney would be much greater
than in . the data of Kiang et al. (1965a). Tnis is not in fact the
case. Examination of Figure 31 reveals a range which at many frequen-
cies 1s limited to 40 dB and does not exceed 60 dB at any frequency.
These data therefore show the same or less scatter than comparabie
data reported in the literature (Kiang et al., 1965a; Mast, 1970a;
Evans, 1972).

Kiang et al. suggested (1965a) that the wide variation in single
unit minimum thresholds could not be explained by the pooling of
data from different cats since results from individual animals showed
almost as great a spread. They further suggested that variations in
the resonant frequencles of the acoustic system from cat to cat might
contribute to the spread above 10 kHz.

However, in the data presented in Figure 31 the thresholds have
been corrected to dB SPL at the tympanic membrane and scatter of the
points above 10 kHz is scarcely greater than at lower frequencies.,
In a later paper Kiang (1968) indicated that the wide scatter in

earlier threshold data was probably due to two factors: i) the



Figure 31

Minimum pure tone thresholds of cochlear nucleus cells from
seventeen cats versus their CF, compared with a curve indicating
the average behavioural threshold (solid and broken line).
Thresholds in dB SPL at the tympanic membrane. (The mean free-
fleld behavioural thresholds of several studies were corrected
for the outer ear response using the data of Wiener et al., 1965.)

Fi e 72

Minimum pure tone thresholds of cochlear fibres (filled
circles) and cochlear nucleus cells (open circles) from a

single cat versus their CF. Thresholds in dB SPL at the
tympanic membrane.
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pooling of data across animals and 11) the inadequate sound producing
and calibrating equipment used in the earlier studies. This then
would suggest most of the scatter in Figure 31 may be due to the
pooling of data across animals.

At frequencies up to about 10 kHz the thresholds of the most
sensitive neurones approach the animal's audiogram. This is clear in
Figure 31 at 3 ~ 5 KHz and in the data of Kiang (1968), shown in
Figure 27, the thresholds of the most sensitlve neurones approach
the behavioural audiogram at most frequencles below 10 kHz., However,
there 1s a considerable divergence between the behavioural audlogram
and single neurone thresholds above 10 xHz, Further discussion of

this divergence is deferred to Section 3.4,

3,3.2 Threshold Data from Individual Animals

When the data from individual animals are considered, the scatter
of the thresholds at any frequency 1s considerably reduced. This
was first shown by Kiang (1968) who reported threshold ranges of only
20 - 30 dB at any frequency (Fig. 27) in cochlear nerve fibres.

This is also the case in the cochlear nucleus. In seventeen
animals the range of thresholds at any frequency is limited to 30 dB
in any animal. In ten animals the range does not exceed 20 dB. In
the seven animals in which the range of thresholds at any frequency
is }b dB this represents the maximum range at any frequency, 1t does
pot mean that the scatter of the majority of the thresholds in these
animals is greater than in the animals exhibiting the narrower range.
The wider range is due, in many cases, to one or possibly two units
having thresholds unusually higher than the rest and therefore giving

a wider threshold range at a single frequency not throughout the

frequency range. Closer examination of the tuning curves of these
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'odd' units does not reveal any unusual features which might explain
the deviation from the rest of the threshold data. In one case the
spontaneous rate was very high (approximately 125 spikes/sec) which
as will be seen in Sectlon 3.3.3 might have resulted in an erroneous
threshold estimation. -Conversely, in three units whose thresholds
deviated from those of the majority the spontaneous rate was very
low, two of these were silent and driven activity of these two units
consisted only of a few spikes. In such units errors in estimating
the threshold, due to the spontaneous discharge are minimal.

That the wide scatter of the thresholds in pooled data of Flg. %

is due to threshold differences between animals is illﬁstrated
in Fig. 33. The lines in Fig. 33 Join»the thresholds of the most
sensltive neurones at each frequency, for individual animals, It
can be seen from this fiéure that although the threshold range in a
single animal is quite limited (see above) the interanimal differences
may be as much as 50 dB.

Despite the units which have thresholds differing from the rest
of the population, the range of thresholds at any frequency in cochlear
nucleus 1s clearly comparable with ranges of thresholds at any frequency
reported for cochlear fibres by Kiang et al., 19655, and
Evans 1972. This point is made more convineingly by Figure 32,

The data shown in Figure 32 are our own threshold data from the
cochlear nerve and cochlear nucleus obtained from a single ear, during
a single experiment using, a single method of FIC determination (the
cochlear nerve data were obtained by Dr. E. F. Evans). Deterioration
of the physiological state of the cochlea causes increases in single
cochlear fibre thresholds (Evans, 1972), Thus since the cochlear
fibre threshold determinations followed those in the cochlear nucleus,

the CAP threshold was monitored throughout to ensure that the
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physiological condition of the cochlear remained unchanged (the CAP
threshold varied by only a few dB in the course of the experiment and
no trend with time was evident), The relationship of the CaApP threshold
to single neurone thresholds may be seen in Fig. 33 in which the CAP
threshold (in dB attenuation) for each cat 1s shown at the end of

the line Joining the most sensitive thresholds of that animal. The
lowest CAP thresholds are associated with the lowest neuronal thresholds.
The majority of the data points in Figure 32 represent the threshold
at CF of an FIC obtained by an automatic computer controlled paradigm
analogous to that of Kiang, Moxon and Levine, 1970. (See Section 2.8.3
for details.) The manually determined threshold was sometimes used to
eliminate errors caused by high spontaneous rates (see Section 3.3.3).

Thus the data of Figure 32 enable us to make direct comparisons
of both the range and absolute values of the thresholds of neurones
in the cochlear nerve and cochlear nucleus which are not confused
by 1nteranimal differences,

From Figure 32 1t can be seen that the range of thresholds in
cochlear nerve and cochlear nucleus are obviously very comparable
both extending over the same 20 dB at any frequency.

Comparison of Figures 31 and 22 reveals that the thresholds of
cat #50 (Figure 32) are on average higher than the rest of the cat
population sample. This animal had a very wet and injected middle
ear, suggestive of past middle ear infection, Furthermore, since the
FICs of this animal, although of high threshold, were nevertheless
sharply tuned and not, therefore, of the high threshold, broadly
tuned type found in animals with cochlear pathology (Evans, 1972);
the relatively high thresholds probably resulted fronm transmission
loss through the middle ear. It is clear from Figure 33 (in which

the solid line joins the minimun thresholds of cat 450 at each
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frequency) that this animal was not totally anomalous but represented
the extreme of the range of interanimal sensitivity differences. Despite
these higher thresholds the threshold range at any frequency remains
unaltered. As one might expect, changes in cochlear nerve thresholds
appear to affect changes in cochlear nucleus thresholds by the same

amount and direction.

3.3.5 Error in Threshold Determinations Introduced by High Spontaneous

Rates

Kiang et al. (1965a) noted that thresholds determined manually
by audio-visual criteria (i.e. by listening to the spikes via a
loudspeaker and observing the spikes on an oscilloscope to detect
bursting of the discharge in response to repeated tone bursts), were
often 5 - 20 dB higher than thresholds for the same fibres determined
more objectively using PST histogram data. The'magnitude of the
error depends on the level of spontaneous discharges., The experi-~
menters' task when determining the threshold of a silent unit or
fibre 1s a simple detectlon of presence or absence of discharge. In
fibres with high spontaneous rates this becomes a difference limen
type of task detecting small changes in the discharge rate. High
spontaneous discharge rates also affect the minimum thresholgd
obtained from the computer controlled FIC determinations, In the
automatic FIC tracing method (see Section 2.8.3 fop detalls) with
high spontaneous rates and limited sampling time the criteria for
deciding 1if the cell is responding must be increased in order to
obtain a reliable threshold measure, Choosing higher comparison
criteria produces an iso-rate contour rafher than a threshold curve;
thus the.!threshold' as estimated from such a determination is somewhat

higher than true threshold., In



Figgrq_zz

Minimum tone thresholds of fourteen cats versus their CF.
Each line Joins the minimum tone threshold at each frequency for
a single animal, Thresholds in dB SPL at the tympanic membrane,

The parameters on the curves are the visual detection thresholds
of the CAP in dB of attenuation.

Figure 34

The number of decibels by which the threshold determined by
audiovisual criteria exceeded that determined from rate versus
level functions versus the spontaneous discharge rate for thirty-
one cochlear nucleus cells, The best fit regression line through
the data is shown by the solid line. The dashed lines indicate one
standard deviation either side of the regression line.
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experiment 450 differences of up to 10 dB were noted between manual
estimates of the threshold and estimates of thresholds from the auto-
matically determined FIC of units with high spontaneous rates.

Since for cat 450 both manually determined thresholds and thresh-
olds determined from the FICs were avallable, the lower of the two
determinations was taken in most cases as the minimum threshold. |
This process eliminates some of the error in threshold determination
from the FICs caused by high spontaneous rates. However, since the
manually determined threshold was preferred for units with high
spontaneous rates, there remains some error due to the Increased
difficulty of the manual threshold estimation (see above). The
magnitude of this error may be assessed by reference to Fig. 34, In
this flgure, the number of decibels by which the threshold determined
from rate versus level functions is lower than manually determined
thresholds, is plotted against spontaneous rate for 31 units for
which such data was avallable. Although there is not a strong relationship
pbetween the error in threshold estimation and spontaneous rate, the error
clearly increases with the spontaneous rate. The
slope of the regression of spontaneous rate onto the threshold differ-
ence is 0,07. Thus the error in estimating the threshold of a neurone

py audio visual criteria is about 7 dB for a spontaneous rate of

100 spikes/sec.

3,3,4 Dynamic_Ranges of Single Cochlear Fibres

The data to be described in this section were obtained by Dr.
E. F. Evans and although from joint experiments, were in the main,
unconnected with the research reported in this dissertation and are
only included in order to draw comparisons with data from the cochlear
nucleus. The dynamic ranges were determined from rate versus level

functions obtained using the following methods.
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1. The method described in detail in Section 2.5.2 was used to
determine the response area of the fibre. Briefly, a computer was
used to independently vary the frequency and intensity of g series
of 50 ms tone bursts and to count the number of spikes evoked by
each stimulus presentation. These splke counts were displayed at
the appropriate position in a frequency versus intensity plot, as a
bar, the length of which was proportional to the number of spikes.
Thus the rate versus level function to CF tones could be obtained by
plotting the number of spikes evoked by the CF tone at each intensity
level, Some smoothing of the raw data was achieved by averaging the
splke count at the CF with that obtalned at the frequencies on
elther side of the CF.
2. A computer was used to pseudo randomly vary the Intensity of a
500 ms CF tone burst over 13 levels (in 10 dB steps) and to count the
discharge evoked during each stimulus bPresentation, *

For 57 fibres the mean dynamic range determined using method 1,
above was 41.1 dB with a standard deviation of 9.7 dB and a range of
20 - 60 dB.

For 24 fibres the mean dynamic range determined using method 2.
above was 35 dB with a range of 20 ~ 50 4B and a standard deviation
of 9.1 dB,

Interestingly, the dynamic ranges determined for the onset 50 ms
are significantly greater (p > 0.05) than those determineq using 500 ms
tones. This 1s the opposite of the findings in the cochlear nucleus
(see Section 3.3.5.1). However, nearly all of the data using the
longer tones were from a single animal and comparisons of pooled data
using the shorter tones with a single animal's data may be misleading.

This point is elaborated in Section 3.3.6,

# The program for this analysis was written by the author and 1is shown
in flow-chart form in Appendix B,
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3.3.5 Dynamic Ranges of Individual Cochleap Nucleus Units

Cochlear nucleus units can be divided according to the dependernce
of their discharge rate upon intensity. Two categories are usually
recognised, monotonie and non-monotonic units (Hilali and Whitfield,
1953; Rose et al., 1959; Greenwood and Maruyama, 1965). Non-monotonic
units as the name suggests, have intensity rate functions in which
increases 1n level of a stimulus can cause increases or decreases in
discharge rate according to the overall level. This clearly leads
to ambiguity in the interpretation of a particular firing rate since
it may be evoked by very different stimulus levels, Non~monotonic
units individually cannot therefore entirely specify the level of a
stimulus in terms of mean discharge rate, These units are therefore
dealt with separately in the following,

2+3+5.1 Monotonic cochlear nucleus units

Monotonic units in the cochlear nucleus, in general, display rate
versus level functlons which are sigmoid in shape resembling those of
primary fibres. The same criteria as for the primary fibres (see
Section 3.2) were therefore used for the determination of the dynamic
range of coéhlear nucleus units. The rate versus level function were
obtained using two techniques:-

1. Twenty 200 ms CF tone bursts were presented at a level set hy

the experimenter and the discharge evoked during the first 20 ms of
each burat was averaged. This process was repeated as the tone level
was Increased in 10 dB steps from levels below the threshold of the
unit to levels at which the unit was saturated.

2. A computer was used to pseudo randomly vary the intensity of a
500 ms CF tone burst over 13 levels (in 10 dB steps) and to count the
discharge evoked during each stimulus presentation.‘(see Appendix B, )

The mean onset dynamie range measured for 29 units, using method

one above, was 39.1 dB with a standard deviation of 11.6
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and a range of 21 - 70 dB.

The mean dynamic range, measured using method 2 above, for sixty
one units was 45.9 4B with a standard deviation of 14.6 4B
and a range of éO - 80 dB. The difference between the means of these
two samples though small is statistically significant (r < 0.05).

The response of primary fibres and primarylike cochlear nuéleus
units to CF tones, decays from an initially high discharge rate to
a relatively steady discharge rate. The results of the experiments
reported in Chapter Four indicated that in some CN units the range of
intensity over which the steady-state discharge varied with stimilus
level was wider than that over which the onset discharge varied with
stimilus level, - Since the discharge will have reached steady-
state after 500 ms, the dynamic range measured with such tone
durations should reflect the wider steady-state dynamic range. Thus
the finding that dynamic ranges measured with 500 ms tones are
significantly wider than those measured at stimulus onset is consis-
tent with the findings of the experiments to be reported in Chapter Four.

3.3.5.2 Non-monotonic cochlear nucleus units

Whilst for units which have sigmoid rate functions dynamic range
is quite easily definable it becomes more difficult for non-monotonie
units. ZExamples of non-monotonic rate functions are shown in Fig. 35,
As intensity 1s increased, the discharge rate initially increases
from the level of spontaneous discharge and reaches a maximum rate of
discharge. Further increases in intensity result in a reduction in
the discharge rate. An increase in intensity results in elther an
inerease or a decrease in the rate of discharges depending on the
overall level. Thus if one defines the dynamic range of non-monotoniec
units to include the range over which increasing intensity 1s signalled

by decreasing discharge rate, many of these units have very wide



Figure 25 A

Non-monotonic rate versus level funections for four cochlear
nucleus cells determined by presentation of twenty CF tone bursts
at each of an ascending series of intensities.

Figure 35 B

Non-monotonic rate versus level functions for four cochlear
nucleus cells determined by using a computer to pseudo-randomly

vary the level of a CF tore burst over thirteen levels separated
by 10 dB intervals.
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dynamic ranges. Unit 231.15 (open squares, Fig, 35A) for example,
has a dynamic range of the order of 80 dB. Such wide dynamic ranges
are not uncommon amongst non-monotonic units. Of some seventeen
strongly non-monotonic units displaying the inverted 'U' shaped rate
function (as shown in Fig. 35A) the dynamic ranges varied from 40-100
dB having a mean of 65 and staﬁdard deviation of 18.4 @B (other types
of non-monotonic rate function which were encountered are shown in Figs.
47 and 48),

It hés been stressed that rate versus intensity functions have been
obtained using two methods which differed: method 1 used repetitive
stimull in an ascending intensity series and the discharge was averaged
over the onset 20ms, method 2 used a random intensity sequence and dis-
charges were averaged over 500 ms. Strongly non-monotonic rate versus
intensity functions were more often encountered using the former (method
1) than the latter (method 2). The non-monotonieity most frequently
observed in the discharge‘of.units in the automatie experiments consisted
mainly of a reduction in discharge rate of up to 50% (and usually much
less) only at the extremes of intensity, The rate functions often rose
in avtypical sigmoid shape and plateaued, decreasing in discharge rate
only at the highest intensities (see Fig. 35B), Further discussion of

these data 1s deferred to Section 3.4,

3,3.6 Comparison of the Dynamic Ranges of Cochlear Fibres and

Monotonic Cochlear Nucleus Units

At both the cochlear nerve and cochlear nucleus use of short or
long tones epparently leads to different estimates of the dynamic range
(see Chapter four). Thus the dynamic ranges at the two levels obtained
using the same (of equivalent) methods are compared.

The difference between the means of the onset dynamic ranges
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obtained at the cochlear nerve and nucleus are not significant
(p< 0.05).

The éifference between the means of the dynamic ranges obtained
in cochlear nerve and nucleus using 500 ms tones are significant
(p £ o. 05) However, as indicated earlier (in Section 3,3, 4)
nearly all of the cochlear nerve 500 ms data (19 units of 24) were
obtained from the same animal and this therefore represents a compar-

ison of a single animal's data with pooled data.

Thus the mean dynamic range of the cochlear
nerve fibres obtained with 500 ms tones were compared with the mean
dynamic range obtained from the same animal in the cochlear nucleus,
using 500 ms tones and the difference was found to be not significant
(p<L 0. 05)

Thus when appropriate comparisons are made, the data seem to
indicate that there is no significant difference between the dynamie
ranges of single cochlear fibres and those of monotonie cochlear
nucleus units; however, such comparisons are based entirely on the
mean and standard deviations of the samples., For the purposes of the
present study the upper extreme is of interest.

The distribution of the dynamie ranges at the cochlear nerve
and nucleus 1s shown by the histograms of Fig. 26 (the onset and
500 ms data have been pooled in this Figure). The modes of both the
histograms are 40 - 44 dB. However, the dyﬁamic ranges in the cochlear
nucleus extend up to 80 dB whereas those at the cochlear nerve level
only extend up to 60 dB. Of the seven cochlear nucleus units with
dynamic ranges in excess of 60 dB, five showed sloping saturations

(1.e. the slope of the rate versus level funetion decreases at about



Figure 36

A. Histogram of the number of monotonic cochlear nucleus
cells having dynamic ranges in each 5 dB interval from 20-85 dB.

B. Histogram of the number of cocliiear fibres having dynamic
ranges in each 5 dB interval from 20-&5 dB.

Figure 37

Dynamic ranges of monotonic cochlear nucleus cells from
sixteen cats, The length of each line represents the dynamic
range of a single cell plotted at the appropriate CF and
threshold.(in dB SPL at the tympanic membrane).

The thick solid and broken line represents the behavioural
threshold. * (The mean free-field behavioural thresholds of

several studies were corrected for tlhe outer ear response using
the data of Wiener et al., 1965.)
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30 dB above threshold but continues to rise at a slower rate) which
included all those with dynamic ranges of 80 dB and one of 76 éB.

50% of the cochlear nerve fibre sample had rate versus level
funetions which were of the sloping saturation type, but all were
saturated at 60 dB above threshold. However, it is apparent from
the literature reviewed in Section 3.1.2 that cochlear fibres have
occasionally been encountered which showed rate versus level functions
of the sloping saturation type and which as a consequence had dynamic
ranges as wide as 80 dB. Thus although in the present cochlear
nucleus data (obtained by the author) and cochlear nerve data (obtained
py Dr. E. F. Evans) the widest dynamic range found in the cochlear
nucleus 1is substanfially wider than any found in the cochlear nerve,
it would seem that given a large enough sample, wlde ranges would also
have been found in the cochlear nerve. (An alternative explanation of

the lack of wide dynamic ranges in Evans' data is given in Section

4.4-7)'
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3.4 Discussion

3.4.1 Thresholds

The very wide range of single unit thresholds in pooled data
shown in Figure 31 has been previously reported in both cochlear
nerve and nucleus (Galambos and Davis, 1943; Kiang et al., 1965a;
Mast, 1970a). The ranges of thresholds in the pooled data at any
frequency ffom the present study, considering the wide range of
individual animal sensitivities (as indicated by the CAP threshold),
are narrower than those of Kiang et al. and Mast, being only of thé
order of 40 - 60 dB.

The finding of a very restricted range of thresholds of only
20-30 dB when data from a single ear are considered has been supported
by the data of Dr. E. F. Evans for single cochlear nerve fibres. It
has also been shown that a similar restricted range of thresholds is
present in the cochlear nucleus.

The fact that absolutely no indication has been found of any
high threshold population of single units in tke cochlear nucleus
suggests two possible conclusions. The first is that the high thresh-
old population is still being systematically overlooked. If the
electrodes used were able to sample all cells in the nucleus and a
population were still overlooked these units must have zero spon-
taneous rate and have thresholds greater than approximately 60 dB SPL
(since the search stimuli were routinely at about this level). This
suggestion seems unlikely in the light of the fact that high-neural
thresholds have not been found by this or any other author (at least,
not in the same animal as low threshold cells), using several differ-
ent types of electrodes and desplte being specifically looked for, *
Secondly, therefore, on thg basls of presently available data one

must conclude that a single population of low threshold units is

# Recently a wide range of thresholds in a single animal has been

rted by Kiang et al. (1976) and Liberman (1977). These d
gfggussed in Section 6.1. ) ata are



- 141 -
present in both cochlear nerve and cochlear nucleus.,

At low frequencies it has been reported that phase locking has
been observed at intensities below that required to raise the discharge
rate above spontaneous rate (Hind, 1972, p. 51). Thus the behavioural
threshold may not be determined at these frequéncies by thresholds
for increased firing in primary neurones. Thus the diserepancy
between the mean behavioural audiogram and single unit thresholds at
low frequencies, in Figure 31, may result from the determination of
the threshold for 1increased firing rather than the threshold for
phase locking which may be useable by the animal. However, in the
cochlear fibre data of Kiang (1968) no discrepancy 1s evident at low
frequencies and therefore the devi;tion of neural thresholds from the
audiogram in Figure 31 may just be due to the relatively small sample
of low frequency neurones encountered in the present study. The choice
of the threshold criteria in physiological experiments is also a
source of some discrepancy. The animal has available the simultaneous
firing rate change in many units in order to detect the presence of
a signal. The experimenter looking at only a single neurone may be
using criteria for threshold far above that required by the animal
for detection. However, the large divergence (up to 20 dB) between the
thresholds of single units and the audiogram above 10 kHz 1is unlikely in
my opinion to be completely explainable on these grounds. The behavioural
measures at these frequencies are difficult since in the anechoie conditions
2§§ﬁu§§§ head position may have large effects on the audibility of
the signals. Mean pressure transformation curves were used to
correct the minimum audible fields to minimum audible pressures (at
the tympanic membrane) It 1s evident from Wiener et al, (1965)

that peaks and dips of the order of + 10 dB occur in the pressure

transformation curves at frequencies above 8 kHz, Assuming that the
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animal maximises the available signal by moving head and meatus, 1t
may be able to utilise such pressure transformation peaks, Thus the
threshold in terms of sound pressure at the tympanic membrane would
be higher than indicated by correction of the minimum audible fiela
using the mean pressure transformation curve, Any error introduced
by such factors would lower the behavioural threshold measure which
would move it away from the single unit data. Thus at least
some of the discrepancy may be explainable in such terms.

The audiogram in Figure 31 is the mean of several cat audiogram
determinations, some of which extend up to 50 kHz. The correction
curves to convert the minimum audible field to minimum audible
pressure do not extend to these frequencies and this region is there-
fore plotted as a broken line. However, it is apparent from the MAF
audiograms that the threshold at 50 kHz 1s 5till quite low, belng of
the order of 35 dB SPL (Neff and Hind, 1955; Miller, Watson and
Covell, 1963). Very few units have been encountered at such fre-
quencies and.none at all at such low intensities. Even allowing for
the possible errors discussed above, 1t is difficult to suggest how
the cat hears these frequencies at such low intensities. This dis-
crepancy may again be due to pooling of data across animals, since
whilst we might expect that in one animal its audiogram should be a
reflection of its lowest single unit thresholds, the relation of any
animal's unit thresholds to a mean audiogram will be much less close
due to the influence of animals’with better or worse hearing, This
is particularly exemplified by the data of Figure 32, cat 450, which
had high single unit thresholds and must therefore have had high
behavioural thresholds. The single unit thresholds of this animal
bear no relation at all to the average audiogram shown in Flgure 2],

However, In a sample of nineteen cats, one would expect that the
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single unit thresholds of some cats would approach the average audiogram
at these frequencies.

The cat population used in the present experiments had a high
incidence of middle ear infection. Deviations of individual animal
thresholdéyfrom the mean behavioural audiogram might therefore reflect
differing cat populatiohs (the cats in this study having relatively
worse than average hearing). This suggestion 1s, however, not con-

sistent with the fact that the discrepancy is also present in the data
of Kiang (1968).

3,4,2 Dynamic Range
The findings of Dr. E. F., Evans and of studies reported in the

literature are that nearly all cochlear fibres are saturated within
20 - 60 dB of threshold.

However, a proportion of cochlear fibres do not completely
saturate, but 1nsteéd the slope of the rate function changes, pro-
ducing a gradually sloping saturation. Fibres showing such sloping
saturations may have very wide dynamic ranges if the sloping saturation
portion i1s included (see Section 3.1.2), although the data of Evans
indicate that the majority of fibres e;en with sloping saturations
are satufated at levels 60 dB above threshold.

If discrimihability of a change in signal level depends on the
total change in the firing rate of all the active nerve fibres then
a change of strategy would have to occur at higher levels. At low
levels an intensity change of the order of a DL would cause quite
large changes in‘discharge in a few fibres whereas at high levels the
same intensity change would cause a small change in discharge in many
fibres (assuming that fibres with sloping saturations are present in
the nervé in sufficlent numbers). Thls 1s because for a single

fibre the first 40 dB or so of intensity could be signalled by a

change in discharge rate of 200-300 spikes/sec, whereas the remaining
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40 - 50 dB or more is only signalled by less than 100 spikes/sec
(this 1s an approximation derived from the fibres in Fig. 29). A
change in intensity of the order of a DL would only cause a few
spikes/éec difference in firing rate at these high levels, and since
the saturation firing rate 1s statistically variable a comparlson
petween several channels would be necessary in order to separate
fluctuations which occur even in response to a constant stimulus
from changes which reflect input changes.

If the response to a small change in signal level consists of
1arge output changes of a few fibres at low levels and small output
changes of many fibres at higher levels then these cues must be
equally effective since otherwise one would expect some discontinuity
in the intensity DL*function at levels at which the slope change
oceurs and no such discontinuity has been found (see Section 1.2.5).
‘These considerations apply to the white noise DL, since in the casé
of a pure tone, fibres with CFs remote from the stimulus frequency
wlll not be saturated. When increases in the signal level bring it
{nto the response areas of these remote CF fibres, small changes in
the signal level will again be signalled by large discharge rate
changes since these fibres are still unsaturated. Nevertheless, even
for tonal stimuli the animal would have to apply different discrim-
jnation strateglies at high and low levels which might be expected to
produce a discontinuous intensity DL function.

The dynamic rénges of single cochlear nucleus units measured in
this study, with the exception of the units with sloping saturations,
are nearly all less than 60 dB. Even units with sloping saturations
were all saturated by 80 dB above threshold. In Evans's data all

cochlear fibres, even those with sloping saturations were completely

saturated at 60 dB above threshold. However, a few cochlear fibres

:-'A discontinuous DL function is admittedly only predicted 1f the animal
uses only a few alternative cues, If many different cues are utilised at
different stimulus intensities, a continuous smooth function would be not

unexpected.
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have been reported in the literature (see Section 3.1.2) which have
sloping saturations and are only Saturated by levels of-up to 80 aB
-above threshold. There would therefore appear to be good agreement
between the dynamic ranges of single cochlear fibres and those of
monotonle cochlear nucleus units,

3.4,3 Non-monotonie Rate Functions
The very wide dynamic range of some cochlear nucleus non-monotonie

units Iindicates that some aspect of the cochlear nerve discharge is
changing over very wide ranges of intensity, and that such changes
provide the input to these cochlear nucleus cells. Since no cochlear
nerve fibre has shown changes in its mean discharge rate over ranges
of up to 100 dB (the dynamic range of at least one non-monotonic unit,
see Section 3.3.5.2) the input to such cells cannot be in terms of the
mean discharge rate of a single cochlear herve fibre. The decrease
in discharge of non-monotonic cochlear nucleus units to high level
stimulation has been shown to be intimately related to side band
inhibition (Greenwood and Maruyama, 1965), and the wide dynamic range
of such units appears to be due to progréssive increases in lateral
inhibitlon. The rise to maximum discharge is not unlike the rise in
monotonic units and cochlear fibres and might, therefore, be a
reflection of either a single primary fibre input or input from an
ensemble of cochlear fibres of common CF. Beyond this level the
response would saturate if only due to excitatory input at a single
frequency. There 1s, however, progressive spread of activity at
higher levels to fibres of higher and lower CF than the stimilus
frequency. Thls spread would lead to inputs to the cochlear nucleus
cells which are of en inhibitory nature (i.e. the inhibitory side
pands). As the excitatory input saturates, the signal will only Just
Le enéroaching into the response areas of fibres of higher angq

lower CF which presumably give rise to the inhibitory input. These
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fibres could therefore provide inhibitory input to the non-monotonic
cochlear nucleus neurones which can increase with stimulus level over a
wide range,

Allanson and Whitfield (1955) and Whitfield (1967) considered
the excitatory and inhibitory intéractions required tO‘reproduce such
features of cochlear nucleus cell response as non-monotonic rate
versus level functions. This non-monotonicity was modelled by
afferent inhibition (from the fibre producing the excitatory input)
mediated via an internuncial neurone (this scheme is less dependenf
on threshold differences between excitatory and inhibitory inputs
than direct afferent inhibition)., It was further suggested that
‘lateral inhibition might result-from efferent inhibition via an
internuncial neurone. Their scheme differs from that outlined above
in that in the former both the non-monotonic rate versus level function
and lateral inhibition are attributed to afferent inhibition from
fibres other than that producing the excitatory input (again presumably
mediated via an internuncial neurone to reduce the dependence of the
response on the threshold differehce between the excitatory and
inhibitory inputs). Basically then, spread of activity across the
frequency continuﬁm could be decoded at the cochlear nucleus by these
non-monotonic neurones.,

As suggested 1n Section 3.3.5.2, fewer strongly non-monotonic

units were found in experiments in which the stimulus levels were

randomised and the discharge averaged over 500 ms, that in experiments

in which many presentations of high level stimuli followed each other

in order to obtain mean discharge rates over the onset 20ms. Thus two
possible explanations for the difference are suggested: 1) the strong
non-monotonicity reflects inhibition at the onset which is of short duration
and is therefore swamped by the later response when the discharge is
averaged over 500 ms, or 2)

the discharge rate of cochlear fibres (see Kiang et al., 1965a, p. 73).
In the automatic analyses, the random ordering eliminateqd the con- ‘

tinuous high level presentation. The very strongly non-monotonic

rate versus level functions of cochlear nucleus units exposed to
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repeated high sound levels compared to the automatiec experiments,
may therefore have been due to a build up of inhibitory influences pro~
duced by continuous high level stimulation., An experiment to determine
if this is_the case would be to present both serially and randomly
ordered stimuli to the same unit and directly observe any differences,
This experiment has not been performed,
3.4.4 The Range over which Single Cochlear Nucleus Units can Encode

Intensity Differences

Fig. 37 summarises the dynamic range data obtained in this study

from monotonic cochlear nucleus units. The vertical lines in Flg. 37
represent the extent of the dynamic range of each individual neurone
plotted at the appropriate CF and threshold (in dB SPL at the tympanic
membrane). Although the data in Fig. 37 are pooled from 16 animals and
therefore encompass a wide range of minimum thresholds, the majJority of
cells are nevertheless saturated at tone levels of about 80 dp SPL.
Only 16 cells were still unsaturated at tone levels of 85 dB SPL and all
were completely saturated at tone levels of 100 4B SPL. Of the 16 cells
saturating above 85 dB SPL all but 4 hag dynamic ranges of 60 dB or less
and had thresholds which were high compared to the mean behavioural
threshold (indicated by the thick solid and broken 1ine in Fig. 37). The
maJority of these high threshold units were from cat 450 (see Section
3.3.2). The 4 remaining cells showed rate versus level functions of the
sloping saturation type (see Section 3.1.2) and as a consequence had
dynamic ranges in excess of 70 dB.

In conclusion, therefore, the range of minimum thresholds at any
frequency in both the cochlear nerve and cochlear nucleus is limited
to 20 ~ 30 dB. Furthermore, few 1if any cochlear fibres and monotonic
cochlear nucleus cells are capable of encoding small intensitydifferences
over ranges comparable with the psychophysically determined dyramic

range (which extends at least up to 100 @B SIL, or approximately 110 gB SPL,
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see Section 1.2.5?. There are, however, units in the cochlear nucleus
(which have non-monotonic rate functions) which are capable of
responding to signal level differences o;er very wide ranges of intensit
(up to 100 dB). It 1s suggested that this might be as a result of y

integration by these units of activity from primary fibres with a

range of CFs.
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3.5 Summarx‘

1. In both the cochlear nerve and the cochlear nucleus the range
of thresholds at any frequency is no more than 20 - 30 dB.

2. The majority of cochlear nerve fibres have dynamic ranges of
20 - 60 dB. A few cochlear fibres which have sloping saturation type
rate versus level functions may have dynamic ranges of up to 80 éB
(reported in the literature but not found in the present study by Evans).

3, The majority of monotonie cochlear nucleus units have dynamic 4
ranges of 20 - 60 dB. A few units of the present study which had sloping
saturation rate versus level functions had dynamic ranges of up to 80 dB.

4. Non-monotonic units in the cochlear nucleus have dynamiec
ranges from 40 - 100 dB.

5. It is concluded that few, if any, single cochlear fibres and
monotonic units in the cochlear nucleus can code signal level differences
over intensity ranges comparable with the psychophysically determined
dynamic range for humans,

6. That some neurones in the cochlear nucleus do show discharge
rate changes in rgsponse to stimulus changes over a wider intensity
range than single cochlear fibres, suggests that intensity 1s encoded
in some dimension of the discharge of the fibres of the cochlear
nerve other than the mean discharge rate of a single cochlear fibre.

It 1s,QUit?vP°554ble in this qasemthat it is the spread of activity
4n the cochlear fibre array which is the relevant factor in the

encoding of tonal stimuli at the high intensity levels,
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CHAPTER FOUR: ADAPTATION AND THE RESPONSES TO INCREMENTS IN INTENSITY

4.1 Introduction

The responses of peripheral sensory neurones to a constant
intensity stimulus are maximal at the stimulus onset angd decay to a
relatively steady level., This précess is known as adaptation (e.g.
Adrian and Zotterman, 1926) and appears to be a universal property
of cochlear nerve fibres (;.g. Nomoto et al., 1964; Kiang et al.,
1965&) and occurs in many cochlear nucleus cells (e.g. Rose et al.,
1959; Pfeiffer, 1966; Mast, 1970a). Several mechanisms have been
proposed to account for adaptation, the most widely accepted of which
suggests that adaptation is the result of decreases in sensitivity or
of the system gain. 'Gain control' mechanisms have been proposed to
account for adaptation in Limulus Photoreceptors (by Fuortes and
Hodgkin, 1964) and in cochlear nerve fibres (by Siebert ana Gambardella,
1968 Schroeder and Hall, 1973; and Evans, 1974)

If the adaptation observed in cochlear fibres is the result of
a galn control mechanism, adaptation might well serve to extend the
limited dynamic range of cochlear fibres to stationary tonal stimuli,
One means of testing such a suggestion would be to determine the
response of a cochlear fibre to a stimulus after adaptation hag
occurred. This could be accomplished by presenting a relatively long
stimulus and determining the response to a second stimulus presented
at some time after the onset of the adapting stimulus. If the two
stimuli are of equal frequency, this is equivalent to determining the
response of the neurone to an increment in the intensity of the
adapting stimulus. The responses of single neurones to intensity
1ﬁcrements are also of considerable interest when making comparisons

with psychophysical data,since several studies of intensity diserimination
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have used a paradlgm which consisted of incrementing the intensity of a
longer duration stimulus (e.g. Pollack, 1951; Miller, 1947; Harris, 1963).
The comparison drawn in Chapter > was between the psychophysically é;ter—
mined dynamic range for intensity discrimination and the dynaﬁic range of
single neurones to stationary tonal stimuli. Thus since some of these
psychophysical data were obtained using increments, it is of interest to
determine the responses of single neurbnes to Intensity increments and
whether such responses are predictable from a knowledge of the neurones'
responses to stationary tonal stimuli., One study in which the responses.to
intensity increments were measured, was that of Smith and Zwislocki (1971).
These authors addressed themselves to the question of whether the responsés
of a primarylike cochlear nucleus cell to a small increment in the intensity
of a CF tone burst, depended upon the adaptation which had preceded the
occurrence of the increment.

They used stimuli which consisted of a’250 ms CF tone burst (the.
'pedestal') which could be incremented in intensity by the addition of a
short tone‘burst (20 ms) of the same frequency and phase. They determined
peristimulus time histoérams (using 10 ms bin size) in response to the
pedestal and also in response to a pedestal and an‘increment which occurred
at various delays after the pedestal onset. Their findings may be summar-
ised as follows: the increase in firing rate due to a small increment in
the pedestal intensity was independent of the time delay from its onset
after that of the pedestal. However, the increase in firing rate due to
3 12£52 1ncrementdin the pedestal intensity, increased as a function of
the time delay of its onset after that of the pedestal. For sufficiently
large increments in the pedestal intensity, the firing rate measured
at the onset of the increment became independent of the time delay of
the increment from the pedestal onset and approximated to the onset

saturation firing rate. It was suggested by Smith and Zwislocki that

the size of the increase in the firing rate, due to an increment in
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the pedestal intensity, remained independent of the delay of its
onset after that of the pedestal unless the total intensity (the
intensity of the pedestal and that of the increment together) was
sufficient to cause saturation of the firing rate measured a£ the
pedestal onset. When the overall intensity did cause saturation of
the onset firing rate the increase in firing rate due to the incre-
ment became larger as the delay of the increment from the pedestal
onset was increased.

From these data Smith and Zwislocki came to the following main
conclusions which are subject to certain qualifications as discussed below:
1. Whatever process was responsible for the adaptation of the firing
rate had no effect on the response of the neurone to intensity
increments.

2. The firing rate measured at the pedestal onset saturates at one
level while the firing rate measured 100 ms after the onset of the
pedestal saturates at a lower level,*

3. The saturation of the firing rate measured 100 ms after the onset
of the pedestal does not limit the size of the response to increments
in intensity.

The first conclusion is indeed consistent with their data. The
remaining two conclusions, however, which are of crucial importance

to the question of how increments are encoded in the discharge of

# Implicit in Smith and Zwislocki (1971) and indeed in their sub-
sequent publications (Smith, 1973; Smith and Zwislocki, 1975) is the
notion that the discharge of single cochlear fibres falls to-a relatively
steady rate after about 150 ms. In faet this is only true when

suitable time intervals are used to average the discharge rate. The
discharge rate is approximately proportional to the logarithm of the
time after the stimulus onset; a single time constant cannot therefore

pe defined. Thus the firing rate after 150 ms is only ‘steady state'
(their terminology) within the context of a relatively short tone

(e.g. 200 ms) and using small bin sizes (e.g. 10 ms) to construct PSTHs,
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peripheral auditory neurones, could not be arrived at from the data
presented in the paper, primarily because the data were collected
only over a 10 dB range of intensity. The 'levels' referred to incon-
clusion 2 presumably refer to level of discharges rather than intensity
level since in the figure which is used to illustrate this conclusion
(reproduced in Fig. 38A) the firing rate measured 100 ms after the
pedestal onset has not ﬁnequivocally saturated whilst the firing rate
measured at the pedestal onset appears to be approaching saturation.
This 1s shown more clearly if the data are replotted on the more usual
1inear firing rate versus the logarithm of the intensity axes shown
in Fig. 388, Since the firing rate measured 100 ms after the onset
of the pedestal has not definitely reached saturation, it is not poss-
iple to determine whether saturation of this firing rate does in
fact 1limit the increase in firing rate in response to an increment
occurring 100 ms after the pedestal onset. Indeed, from the fact
that the firing rate at the onset of large increments in the pedestal
i{ntensity, approximates to the onset saturation firing rate, irrespective
of the time of the occurrence of the increment, it would appear that
the size of the increase in firing rate to an increment seems to be
1imited by saturation of the onset firing rate.

This brief consideration of the data and conclusions of Smith
and Zwislocki {1971) suggests that several important questions raised
by the paper have nét been satisfactorily answered as these authors only
employed & 1imited range of intensities, It has not been shown whether the
firing rate measured at a delay after the stimulus orset does saturate
at a lower level than the onset firing rate (whether 'level' refers
to either firing rate or intensity). Further, and more significantly,
4t has not been shown whether smali increments in intensity, super-

imposed a few hundred milliseconds after the pedestal onset, will still



Figure A

Rate versus intensity functions for the firing rate measured
at the onset and after 100 ms in response to a CF pedestal.

(From Smith and Zwislocki, 1971.)

Figure 388

The same data as in Figure 38A but replotted on a linear firing
rate scale. Symbols as in Figure 38A.
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produce firing rate increases at intensity levels in excess of those
at which the firing rate to the pedestal alone measured at this delay
is fully saturated (as is suggested by the conclusions of Smith and
Zwislocki),

Ihus.the present study was initiated, in which a similar paradigm
to that of Smith and Zwislocki was used (for details of the exact
method see Section 4.2), butthe analyses were performed over a wider
range of intensities in order to directly test the conclusions of the
earlier study of Smith and Zwislocki (1971).*

The results indicate that the firing fate measured 180 ms after
the pedestal onset does indeed ssturate at a lower discharge rate
than the onset firing rate, but in many units this saturation ocours
at a higher intensity level than for the onset firing rate. In the
majority of neurones the responses to increments oceurring 180 ms
after the pedestal onset were limited by the saturation of the firing
rate measured at this delay. However, for a minority of units in the
present sample, responses to increments oceurring at 180 ms after
the pedestal onset were found at intensity levels beyond those at
which the firing rate at this delay was saturated, These data are
described in detall and discussed in relation to the more recent data
of Smith (1973) and Smith and Zwislocki (1975) and to some psycho-

physical data on intensity discrimination and masking,

# When this study was initiated only the data of Smith and Zwislocki
(1971) were available. Subsequently Smith (1973) and Smith ang
Zwislocki (1975) have published more extensive data, In Smith (1973)
some limited data were reported which were collected over a wide
range of intensity and is in general consistent with the findings of
the present study. These more recent data are discussed fully in

Section 4.4,
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4,2 Methods

An increment in the intensity of a 200 ms tone burst was
produced by addition of a 20 ms tone burst of the same frequency and
phase (the pedestal was produced by Dymar type 741 via Gate 2, Fig.

24 and the increment by Dymar type T4l via Gate 3, Fig, 24) either at
the initial or final 20 ms (see Fig. 39)., Both tone bursts had
linear rise and fall of duration 5 ms, ‘Increments of 3 and 6 dB were
obtained by suitable attenuation of the 20 ms tone burst (using Step
Attenuator C see Fig., 24), The frequency used was always equal to
the CF of the unit under‘study.

Mean responses to twenty repetitions of the Pedestal were
compared with mean responses to twenty repetitions of the pedestal
and increment. The two different stimuli were alternated at a rate
of one presentation every 800 ms to reduce the effects of fluctuations
in sensitivity, spontaneous rate or habituation effects,

This alternation was achieved bty means of four Tektronix waveform
generators, as illustrated in Fig, 40 (two Type 162 and two Type 161),
The pulse output of the 162A triggered a second 162 generator and thé
sawtooth outputs of both were used to trigger two 161 square wave
generators (see Fig. 40). Thus gating signals for the increment tone
signal were produced oniy for every other pedestal gating signal (see
Fig. 39).

Thé intensity of the tones was stepped in 10 dB intervals from
below the threshold of the unit to intensities driving the unit at
maximum (saturation) rate. The responses to twenty presentations of
the pedestal and twénty of the tone on pedestal, forty in all were
recorded on analogue magnetic tape for analysis after the éxperiment. Analysis
during the experiment consisted of separately accumulating the spike

counts during the initial and final 20 ms periods of a Presentation,



Figure 39

The stimulus paradigm used to compare the responses of single
neurcnes to a non incremented and an incremented CF pedestal. The
figures which indicate the rise/fall time, increment duration, the
pedestal duration and the repetition period, respectively, are all

in milliseconds. ‘i'represents the intensity increment which was
either 3 or 6 dB. -

Figure 40

The outputs of the four Tektronix waveform generators which
produced an increment to the intensity of alternate pedestals (see
text for full details). The figures which indicate the repetition

period, the pedestal duration and the increment duration, respectively,
are all in milliseconds.
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Firmure 39
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This was done by event counters, two fop the pedestal stimulus and
two for the incremented pedestal stimulus, with a suitable gating
network which switched the responses to the appropriate counters,
(For block diagram see Appendix A. )Analysis after the experiment consisteqd of
1. Construction of PSTHs, these were generated by replaying the
analogue magnetic tape record of the unit's responses to twenty
repetitions of the pedestal and pedestal and inerement stimuli.
The responses to the two different stimulf were fed via the event
counter gating network and into separate channels of a Nuclear
Chicago Data Retrieval Computer which was triggered from voltage
pulses from the Tektronix 1624 - - recorded on another track
of the analogue recorder, The PSTHs were therefore built up from
the responses to alternate stimuli which were fed to different
éhannels of the computer,

2., The raw single unit responses were replayed from the analogue
recorder onto an oscilloscope and photographed using a Grass Instrument
Kymograph camera, model C4N, giving permanent records of the S/N

ratio which were used to ensure that only a single neurone was

discriminated.
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4.3 Results

For the purposes of this study, units which had primary-1like
discharge characteristics (see Section 1.6.2) and therefore had the
adaptation characteristics described by Smitﬁ and Zwislocki, were
studied. The electrodes were aimed to traverse the AVCN in order to
obtain as many primary-like units as possible, In the course of
these experiments, however, several DCN units were also examined,
some of which had non-monotoniec discharge characteristics,

The accumulated spike counts obtained during the experiment
(see Section 4.2) were converted to spikes/sec and plotted as discharge
rate versus inteﬁsity (e.g. Fig. 43), The firing rates measured at
the onset and after 180 ms of both éhe pedestal and pedestal +
increment are plotted in each figure, thus enabling direct comparison.

The dynamie range for the firing rates measured at the onset
and after 180 ms and for the lncrease in firing rate to an intensity

increment were oblained using the criteria describeq in Section 3.2,

from smoothed curves drawn by eye through the data,.

4.3.1 Adaptation
The first point to emerge from the data was that (as in the

cochlear fibre data of Kiang et al., (1965a)), with the exception of
levels close to the unit's thréshold, adapéation occurred in primary-
like cochlear nucleus cells at all levels tested ineluding those at
which the discharge rate is saturated. This can be deduced from the
fact that the firing rates measured at the pedesta} ohset (fillea
ecircles and continuous lines, Figs. 43 to 48) are consistently higher
than firing rates measured at 180 ms after the onset (open triangles
and dashed lines, Figs. 43 to 48). The amount of adaptation which

occurs, however, varies from neurone to neurone as can be seen by
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comparison of inset 1, Fig. 43 with inset 1, Fig. 44, The upper PSTH
in each inset is the.response to the incremented pedestal and the
lower to the non-incremented pedestal, Thus 1if one compares the lower
PSTHs it is evident that the amount of adaptation occurring in unit
236.08 (Fig. 4}) is much less than in unit 236, 17 (Plg. 44), fhis
comparison is between responses to a single intensity level (which is
in fact different for the two units) and while the amount of adaptation
oceurring in many units was indepenéent of the pedestal intensity in
other units the amount of adaptation varied as a function of the
pedestal intensity. This is illustrated in Fig. 41, in which the
firing rate at the pedestal onset is plotted against the firing rate
after 180 ms. For units 236.08 and 236.09 (Fig. 41, a ana b) the
points all fall approximately on a single line indicating th;t the
ratio of the onset firing rate to that measured at 180 ms is constant
and hence the relative adaptation occurring is constant, Although
intensity is not an explicit variable in these plots, 1t is impliecit
since the higher firing rates are evoked by the higher intensities.
Thus for units 236.08 and 236.09 the adaptation occurring is constant
as a function of intensity including those levels at which the onget firing
rate 1s saturated.* For the remaining two units in Fig. 41 (236,17
and 292.09) the points deviate from a single line at onset firing
rates of 400 and 250 spikes/sec respectively, indicating that the
relative adaptation occurring decreases, It can be seen in Fig, 44
that an onset discharge rate of 400 spikes/sec for unit 236.17 is
approaching the saturation of the onset firing rate. From this and
other simllar plots 1t can be concluded that for those units in which
the amount of adaptation decreases with intensity, the decrease beging

at the Intensity at which the onset firing rate begins to saturate,

* 400 sp/sec for 236.08 and 450 sp/sec for 236.09 from Figs. 43 and 45
respectively.
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Of thirty-one units for which sufficient data was obtained to
allow such analysis, sixteen showed constant adaptation at all
intensity levels and the remaining fifteen showéd & decrease at high
discharge rates (and hence at high intensity levels),

The inference from these data is that, for som; units, the
firing rates measured at the pedestal onset and at 180 ms will have
different dynamie ranges. The onset discharge rate adapts less at
intensity levels beyond those at which it saturates and the firing
rate at 180 ms therefore continues to increase with intensity and
wlll therefore have a wider dynamic range. For those units which
show constant adaptation with increasing intensity, the onset sat-
uration rate will always adapt to the same rate at 180 ms and hence
the dynamic ranges of the two firing rates will be equal.

This has been investigated directly by plotting the firing rates
at onset and 180 ms against the pedestal intensity. These data are

described in the following section.

4.3.2. Dynamic Ranges of the Firing Rates Measured at the Onset and

After 180 ms in response to a Pedestal & duringan Intensity Inerement

As was suggested in the introduction to this chapter, in addition
to the question of whether the firing rates measured at the onset and
after 180 ms of a pedestal saturate at the same firing rate or
intensity level, the question of whether such saturation limits the
response to small intensity increments has also been investigated,

This has been accomplished by measuring the discharge rates in response
to alternated incremented and non-incremented pedestals (see Section
4,2).

‘ Two different increments have been used, 3 dB and 6 dB. There

were no significant qualitative differences between the responses of
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different units to the two increment sizes, although both sizes of
increment were not used on a single unit 80 no direct comparison has
been made. The values 3 and 6 dB were chosen to be small relative
to the pedestal intensities and to allow direct comparison with
previously reported data.

The firing rates measured at the onset and after 180 ms of the
non-incremented pedestal and during an increment occurring
elther at the onset or after 180 ms have been plotted against the
pedestal intensity. The incremental firing rate was defined by
taking the difference between the responses to the incremented and
non-incremented pedestals at the appropriate times after onset,
Comparison of the dynamic ranges for the onset, 180 ms and incremental
firing rates for each unit revealed four main types of response
(labelled arbitrarily A, B, C and D),

Units in response types A, B a&d C all exhibit monotonie rate
versus Iintensity functions and those of type D have non-monotonie
rate versus intensity funetions, Types A, B and C are i1llustrated
diagrammatically in Fig. 42, Units of type A have dynamic ranges
for all three firing rates which arg e€qual. Type B units have dynamic
ranges for the incremental and 180 ms firing rates which are ejual
and'wider than for the onset firing rate. Type C units have equal
dynamlc ranges for the onset and 180 ms firing rate but the dynamic
range for incremental firing rate is wider. Units of type D all have
non-monotonic rate versus intensity functions but in other respects
represent a mixture of response types. It was not possible to form-
ulate generalisations with respect to the measured firing rates which
applied to all of the units in category D and therefore several types

of response are described in Section 4.3.2.4,
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It should be pointed out, however, that the types of response
labelled A, B and C are separable only in terms of differences in
the dynamic ranges of the onset, 180 ms and ineremental firing rates,
In terms of their maximum dynamic range the three groups are not
separable; the maximum dynamie ranges of units in groups A, B and C

respectively were 70, 72 and 80.



Figure 41

Plots of the firing rate for 4 units 236.08, 236.09, 236.17
and 292.09, labelled accordingly, in response to 20 repetitions
of a pedestal measured at the onset versus the firing rate
measured 180 ms after the pedestal onset. Both firing rates were
averaged over a 20 ms period. The dashed lines represent the level
of spontaneous activity. The filled circles represent values
obtained as the intensity was progressively increased and the open
triangles values obtained as the intensity was progressively
decreased.

Figure 42

Schematic representations of the three types of response A,
B and C.
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Sufficient data were obtained on thirty-two units to enable
division into the differing response types. Of these thirty—two,
twenty were located in the VCN, seven in the DCN and five in the
reglon ' of small cells which separates the VCN and DCN,

4,3.,2.1 Type A: Units in which the dynamic ranges of the

firing rates in response to a pedestal measured at its onset

and after 180 ms and during an intensity inerement irrespective

of its delay from pedestal onset were all equal (11 units)

A typical example of this type of response was shown by unit
236.08 which is 1llustrated in Fig, 43, Considering first Fig, 4z,
the firing rate measured at the onset (filled circles and continuous
11nes) and at 180 ms (open triangles and dashed 1ines) in response to
a pedestal show clear saturation above 40 4B SPL, The dynamic
rangesfor the firing rates measured at both the onset and after 180 ms
are therefore 49 dB. The firing rate measured during a 6 dB
increment which coincided with the pedestal onset (fillea sQuares
and dot-dash lines, in Fig. 43A), became equal to the onset response
to a non-incremented pedestal aé 40 dB SPL. The incremental firing
rate (open squares) therefore falls to zero at the intensity level
at which the onsetnresponse to the non-incremented pedestal saturates
and therefore also has a dynamic range of 49 dB, Not surprisingly,
there 1s reasonable agreement between the measured incremental firing
rate (open squares) and the incremental response predicted by taking
the firing rate frém the onset firing rate versus intensity funetion
at the Intensity corresponding to the pedestal and inerement (open
circles).

In~Fig. 43B the filled squares and dot-dash line indicates the
firing rate measured  during a 6 dB increment occurring 180 ms

after the pedestal onset. This firing rate becomes equal to that of



Figure 43

Responses of a cochlear nucleus unit (CF 3.15 kHz) to an
incremented and a non-incremented pedestal (increment size 6 aB).
Figure 43A shows the responses to a non-incremented and an onset
incremented pedestal. Figures 47B and C show the responses to a
non-1incremented pedestal and to a pedestal incremented at 180 ms
after its onset. Figure 43B was obtained by progressively
increasing the pedestal intensity and Figure 43C by progressively
decreasing the pedestal internsity. Tha arrow against the ordinate
indicates the level of spontaneous discharges.

Inset 1 - PSTHs obtained by averaging 20 repetitions of both incremen-
ted (upper) and non-incremented (lower) pedestals of the intensity
level indicated by the arrow. The bin-width is 5 ms and the
vertical calibration is 40 spikes/bin.

Inset 2 - A sample of the raw data (upper trace) obtained at
the intensity level indicated by the arrow to_an incremented and
non-incremented pedestal as indicated by the lower trace.

KEYS

A 1)—® Firing rate measured over 20 ms beginning at
pedestal onset,

2)A-=-A  Firing rate measured over 20 ms beginning 180 ms after

: pedestal onset.
3)m-.~+#® Firing rate measured over the initial 20 ms of an
: increment in intensity presented at the onset of the
pedestal.

4)a O Increase in firing rate produced by the increment
in the pedestal intensity (i.e. the difference
between 1) and 3) above).

5)0 O Increase in firing rate produced by the increment in

. the pedestal intensity as predicted from 1) above.

B&C 1)e——@ As in A above.
2)A-—-O As in A above.
3)®@-+—# Firing rate measured over the initial 20 ms of an
~ increment in intensity presented 180 ms after
pedestal onset,
4)a O Increase in firing rate produced by the increment in
. pedestal intensity (i.e. the difference between 2)
and 3) above). -
5) O O Increase in firing rate produced by the increment in
, pedestal intensity as predicted from 2) above.
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the firing rate at 180 ms to a non-incremented pedestal (open triangles
and dashed lines) at 40 dB SPL. The incremental firing rate (open |
squares) to an iﬁcrement occurring 180 ms after the pedestal onset
therefofe also has a dynamic range of 49 dB, but the magnitude of
the incremental firing rate is not well predicted from the 180 ms
firing rate versus intensity function.

The onset firing rates (filled circles and continuous lines)
of Figs. 43B and 43C are both the mean of two determinations; roﬁtinely
the analysis consisted of alternating incremented and non-incremented
pedestals and since when the increment occurs at 180 ms the onsetsare equiv-
alent the two values obtained were averaged. This also applies to Figs. 44B,
45, 46B, 47 and 48. The onset firing rate of this unit adapts even
at saturation rates, but the amount of adaptation which this unit
exhibits even at 20 dB above. threshold is minimal as can be seen from inset 1
Fig. 43. (The upper histogram is the PSTH to an incremented pedestal
and the lower to a non-incremented pedestal.)

Routinely the presentation of the pedesfals was made sequentially
in an ascending order of intensities (see Section 4.2). This was the
case for the data shown in Figs, 43A and 43B. Howeve;, this unit
was held for long enough to repeat the analysis with descending
intensities and the results are shown in Fig. 43C, Although the way
in which the data shown in Figs. 43B and C were collected differed
only in the order in which the intensities wére presented, the shapes
of the equivalent curves in the two figures are different. The adapt-
ation occurring at high levels of stimulation'is less in Fig. 43C
than in Fig. 43B, as indicated by the reduced difference between
the onset ard 180 ms firing rates to a non-incremented pedestal in
Fig. 43C. The curves of Flg. 43A are much smoother and the adaptation

at high levels is more pronounced thah in Figs, 47B and 43C., 1In fact
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there 1s a gradual progression from Fig. 43A through Fig. 4B to
Fig. 43C; the adaptation becomes less pronounced and the curves less
smooth. This reflects the order in which these data were collected
since the data of Fig. 43A were collected first followed by that of
Fig. 4B and then that of Fig. 43C. Thus it would appear that the
differences between the three sets of rate versus level functions of
Fig. 43 are due to the fatiguing effects of prior high level stimula-~
tion, not to such factors as the reversal of the presentation order.
For the eleven units showing this type of response the mean
dynamic range (for onset, 180 ms and incremental firing rates) was
46.1 dB with a standard deviation of 14,5 dBand a range of 24.~ 70 ¢B.

4,3.,2.2 Type B: Units in which the dynamic ranges of the firing

rates measured at 180 ms after the onset of a pedestal or during an

intensity increment occurring at 180 ms from the pedestal onset were

equal and were wider than"that of the firing rate measured at the

pedestal onset (6 units).
A typical example of this type of response is shown in Fig. 44,

for unit 236.17. Fig. 44A shows the response of the unit to a CF tone ped-
-estal and to a CF tone incremented_by 6 dB at it::i;;.onset firing

rate (filled circles and continuous lines) to the non-incremented

pedestal is saturated at 47 @B SPL and haé a dynamlic range of 30 dB.

The firing rate measured during a 6 dB intensity increment

which occurred at the start of a pedestal became equal to the onset

firing rate to a non-incremented pedestal at 47 dB SPL and the

incremental firing rate (open squares, Fig. 44A) also therefore had

a dynamlc range of 30 dB. The incremental firiﬁg rate to an onset

{ncremented pedestal is again reasonably well predicted by the onset

firing rate versus intensity function (open circles) to the non-

incremented pedestal.



Figure 44

Responses of a cochlear nucleus unit (CF 0.39 kHz) to a
non-ineremented and an incremented pedestal (increment size 6 as).
Figure 44A shows the responses to a non-incremented and an onset-
incremented pedestaL Figure 44 B shows the responses to a non-
incremented pedestal and to a pedestal incremented at 180 ms after
its onset. The arrow against the ordinate indicates the level of
spontaneous discharges.

Inset 1 - PSTHs obtained by averaging 20 repetitions of
both incremented (upper) and non-incremented (lower) pedestals at
the intensity indicated-by the arrow., The bin width is 5 ms and
the vertical calibration 40 spikes/bin.

Inset 2 - A sample of the raw data (upper trace) obtained at
the intensity level indicated by the arrow to an incremented and
a non-incremented pedestal as indicated by the lower trace.

KEYS

A 1) @—® Firing rate measured over 20 ms beginning at
- : ‘pedestal onset.
2)A--4A Firing rate measured over 20 ms beginning 180 ms
. after pedestal onset.
3)m---# Firing rate measured over the initial 20 ms of an
increment in intensity presented at the onset of
the pedestal.
4)r3 O Increase in firing rate produced by the increment
in the pedestal intensity (i.e. the difference
between 1) and 3) above.
5) O O Increase in firing rate produced by the increment
: ' in the pedestal intensity as predicted from 1) above.

B 1)0—@ As in A above.
2)A~-A As in A above.
- 3)m-.-x Firing rate measured over the initial 20 ms of an
- increment in intensity presented 180 ms after
- pedestal onset.
4)AQ T Increase in firing rate produced by the increment
in pedestal intensity (i.e . the difference between
2) and 3) above).
5)O0 © Increase in firing rate produced by the increment in
pedestal intensity as predicted from 2) above.
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At saturation of the onset discharge rate this unit still shows
adaptation, but the amount of adaptation decreases as the stimulus
intensity is further increased (see discussion in Section 4,3.1).

Thus in contrast to the type A units, the firing rate in respon;e to

a pedestal measured at 180 ms (open triangles and dashed lines, Fig.
44A) continues to rise as the intensity is increased beyond the
1nt;nsity at which the onset firing rate saturates. Thus for unit
236.17 the firing rate at 180 ms has a dynamic range of 57 dB compared
to 30 dB for the onset firing rate.

Figure 44 B shows the responses of unit 236.17 to a non-incremented
pedestal and to a pedestal incremented at 180 ms after Iits onset, The
incremental firing_rate (open squares) falls to zero at the intensity
at which the firing rate to a non—inc;emented pedestal, measured at
180 ms, saturates., Thus the incremental firing rate also has a
dynamic range of 57 daB.

The data plotted in Figs. 44A and B differ in that the latter
shows less adaptation at high stimulus levelsb(as indicated by the
reduced difference between the onset and 180 ms firing rates) and
the curves in Fig. 44B are less smooth. This again may be a%tributable
to the rrior high level exposure since the data of Fig. 44B were
obtained after those of Fig. 447 (see discussion in previous section).

For the six units showing this type of respohse, the mean dynamic
pange for the onset firing rate was 31.8 dB with a standard deviation
of 7.0 dB and a range of 25 - 44 dB. The mean dynemic range for the
180 ﬁs and incremental firing rates was 46.5 dB with a standard

deviation of 15.6 dB and a range of 28 ~ 72 dB.
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4.3.2.3 Type C: Units in which the dynamic ranges of the firing

:a1g§.inhr§§nnnﬁﬁ-§9 a_pedestal measured at its onset and after 180 ms

were equal and were narrower than. that of the firing rate measured

during an intensity inerement oceurring at 180 ms after pedestal onset

(4 units).

Unit 236.09 shown in Fig. 45 15 an example of a type C response.

In this unit the amount of adaptation occuiring is independent of
intensity up to and including intensities at which the onset firing
rate saturates (as discussed in Section 4.3.1). Thus the firing
rates measured at the onset (filled circles aﬁd continuous lines, Fig.
45) and at 180 ms (open triangles and dashed lines) 1in response to

a pedestal, have the same dynamic range which in this case 1s 45 dp,
In contrast to the response types A and B, however, the firing rate
measured  during a 6 dB increment occurring at 180 ms (filled
squares énd dot-~dash lines, Fig. 45) remains consistently higher than
the firing rate at 180 ms tova non-incremented pedestal. Thus the
incremental firing rate (open squares, Fig, 45) for this unit has a
dynamic range in excess of 80 dB. .

The mean dynamic range for the onset and 180 ms firing rates for
the four units in this category was 37.8 dB with a standard deviation
of 8.1 dB and a range of 27 - 45 dB; this compares with a mean dynamie
range for the incremented firing rate of 58 dB with a standard deviation
of 16.1 dB and a range of 45 - 80 4B,

The dynamic range for the incremental firing rate of unit 236,09
1s TT% greater than for the onset and 180 ms firing rates. For the
remaiﬁing units of this type the increases were 254, T4% and 39% (36 -
45, 27 - 47 and 43 - 60). Three of these units, iﬁcluding 236.69.
were located in the VCN and the othep in the DCN. One unit of this

type has also been reported by Smith (1973).



Figure 145

Responses of a cochlear nucleus cell (CF 3.39 kHz) to a non-
incremented pedestal and to a pedestal incremented by 6 dB at 180 ms
after its onset, The arrow against the ordinate indicates the
level of spontaneous.discharges.

Inset 1 ~ PSTHs obtained by averaging 20 repetitions of both
the incremented (upper) and non-incremented (lower) pedestals at
the intensity indicated by the arrow. The bin width is 5 ms and
the vertical calibration 40 spilkes/bin.

Inset 2 - A sample of the raw data (upper trace) obtained at
the intensity level indicated by the arrow to an incremented and a
non~incremented pedestal as indicated by the lower trace.

KEY

1) &—® Firing rate measured over 20 ms beginning at
pedestal onset.
2) A--=A Firing rate measured over 20 ms beginning 180 ms
: after pedestal onset.

- 3)W-+~+ M Firing rate measured over the initial 20 ms of an
increment in intensity presented 180 ms after
redestal onset,

4)d T Increase in firing rate produced by the increment
in pedestal intensity (i.e. the difference between
2) and 3) above).

5) O O Increase in firing rate produced by the increment
in pedestal intensity as predicted from 2) above.
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4.3.2.4 Type D: Units with non-monotonie intensity rate functions
(11 units) |

The respoéses of these units are only alike in that none of them
have monotoniec rate funetions. Six of these units showed a reduction
at high levels of stimulus in both the discharge rates measured at
onset and at 180 ms. An example of such & response is shown in Fig,
46 for unit 223.12, This unit is unusual in that 6 dB increments
occurring at both the onset and at 180 ms produce increases in firing
;ate even beyond the firing rate maximum, Since increases in pedestal
intensity beyond that which evokes the maximum firing rate (50 B SPL,
Fig. 46), cause decreases in the discharge rate, one would prediot
that small intensity ircrements to such high intensity pedestals
would cause decrements in the firing rate, The type of response shown by unit
was not found in the other five units of this type, which showed no se3-12
consistent response to the increment beyond the pedestal intensity
which evoked the maximum discharge rate. BSTHs which were obtained
for two of these units (inecluding 223, 12) indioated that these units
responded to a pedestal ‘with an 1ncreased discharge which showed
little adaptation and was sustained for the duration of the pedestal.
This temporal discharge pattern was maintained at all levels even
those at which inefeases in stimulus level caused reduction in mean
firing rate. Plots of discharge rates measured at the onset versus
the discharge rate at 180 ms for these units indicated that the amount
of adaptation was independent of level for four of the six units,

The remaining five units had complex temporal discharge patterns
of the build-up or pauser type (Pfeiffer, 1966, descrived in Section
1. 6,2) As a consequence the onset spike count at low stimius levels

was 1ess than that measured at 180 ms. When the discharge measureq

at the onset of a pedestal is plotted against that meaéured at 180 ms



Figure 46

Responses of a cochlear nucleus unit (CF 2.5 kHz) to a non-
incremented and an incremented pedestal (increment size 6 dB).
Figure 46A shows the responsss to a non-incremented and to an
onset incremented pedestal. Figure 4B shows the responses to a
non-incremented pedestal and to a pedestal incremented at 180 ms
after its onset,

Inset 1 - PSTHS obtained by averaging 20 repetitions of both
the incremented (upper) and non-incremented (lower) pedestals at
the intensity indicated by the arrow. The bin-® width is 5 ms and
the vertical calibration 40 spikes/bin.

Inset 2 - A sample of the raw data (upper trace) obtained
at the intensity indicated by the arrow to an incremented and a
non-incremented pedestal as indicated by the lower trace.

KEY

A l)e—® Firing rate measured over 20 ms beginning at
pedestal onset.

2)A--7\ Firing rate measured over 20 ms beginning 180 ms
after pedestal onset.

3)m--—md Firing rate measured over the initial 20 ms of
an increment in intensity presented at the onset
of tre pedestal.

4O O Increase in firing rate produced by the increment
in the pedestal intensity (i.e. the difference
between 1) and 3) aoove).

5) 0 © Increase in firing rate produced by the increment
in the pedestal intensity as predicted from 1) above.

B 1)0—0O As in A alove.

2)A---A As in A above.

3)j—+—-@m Firing rate measured over the initial 20 ms of an
increment in intensity presented 180 ms after
pedestal onset,

4) @ O Increase in firing rate produced by the increment
in pedestal intensity (i.e. the difference between
2) and 3) avove).

Z) 0 O Increase in firing rate produced by the increment
in pedestal intensity as predicted from 2) above.
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for these five units, the points fall below the line of zero adaptation.
For these units the onset of the stimulus results in either a complete
{nhibition of the units' discharges or a discharge of one or a few
splkes followed by inhibition and then by excitation, as can be seen
from inset 1, Fig. 47. This inset shows PSTHs of this unit in
response to the ineremented (upper) and non-incremented pedestal (lower).
For two of these units as th; levei of the stimulus was increased Q
the inhibitory 'gap' in the discharge occurring at the onset was
gradually encroached upon by excitatory activity. This results in
an onset discharge rate which initially decreases and then increases
as the stimulus level is progressively ralsed as - 1llustrated
tn Flg. 47 for unit 236.02, The discharge rate measured at the
onsét and at 180 ms both 1n1tia11ydecreasedaslevel is increased. The
rate measured at 180 ms then increases rapidly and reaches saturation.
The onset rate also increases after the initial depression but its
rise 18 much more gradual and continues over the whole range of
intensities tested (up to 80 dB SPL). The range over which this unit
responds by a changé in 1ts onset firing rate to a change in the
pedestal {ntensity is therefore at least 70 dB, This unit also
responds to a 6 dB increment in'the stimulus intensity occurring
180 ms after the pedestal onset, over at least 70 dB.,

The ramaining three units did not show a recovery from inhibition
of the onset response as pedestal intensity was increased. The onset
¢iring rates were Jower than the 180 ms firing rates at all intensity levels
above 30 dB SPL. This type of response is illustrated in Fig. 48, for unit
292.03. For this unit both the onset and 180 ms firing rates increase
over the first 10 dB above threshold and then at pedestal level beyond

tnis the onset response is irhibited and the 180 ms firing rate rises

monotonically to saturation. The response measured at the onset of a



Figure 47

Responses of a cochlear nucleus cell (CF 8.6 kHz) to a non-
incremented pedestal and to a pedestal incremented by-6 dB at
180 ms after its onset.

Inset 1 - PSTHs obtained by averaging 20 repetitions of both
the incremented (upper) and non-incremented (lower) pedestals at
the intensity indicated by the arrow. The bin width is 5 ms and
the vertical calibration is 40 spikes/bin.

Inset 2 - A sample of the raw data (upper trace) obtained at
the intensity indicated by the arrow to an incremented and a non-
incremented pedestal as indicated by the lower trace.

KEY

1) ©—® Firing rate measured over 20ms beginning at pedestal onset,

2)A---A Firing rate measured over 20ms beginning 180 ms after
pedestal onset.

3)R-+--& Firing rate measured over the initial 20ms of an increment
in intensity presented 180 ms after pedestal onset.

4) @ O Increase in firing rate produced by the increment in
pedestal intensity (i.e. the difference between 2) and 3)
above).,

5) o O Increase in firing rate produced by the increment in
pedestal intensity as predicted from 2) above.

Figure 48

Responses of a cochlear nucleus unit (CF 10.3 kHz) to a non-
incremented pedestal and to a pedestal incremented by 3 dB at
180 ms after its onset.

KEY
As in Figure 47.
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3 dB increment at 180 ms becomes equal to the 180 ms firing rate to

the pedestal at intensity levels at which the latter saturates,
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4,4 Discussion

As suggested in the introduction to this chapter, the data
described in the foregoing were obtained in order t§ test the con-
clusions drawn by Smith and Zwislocki (1971). The first conclusion
tested was whether the firing rate meaéured~§t éome time after the
pedestal onset saturated at a lower 'level' than the onset firing
rate. It is clear from the present data that the firing rate of
monotoniOE?@ cochlear nucleus cells, in response to a pedestal
measured at 180 ms after its onset, does indeed saturate at a lower
discharge rate than does the onset response, However, the intensity
level at which the 180 ms firing rate saturateé, is in some units,
substantlally higher than for saturation of the onset response, Thus,
1f the 'level' alluded to by Smith and Zwisloeki referred to ririhs
rate, the present data are consistent with their conclusion, whereas
1f the 'level' referred to is an Intensity level the present data
are inconsistent with their eonclusion.

Smith and Zwislocki's second conclusion was that the saturation
of the firing rate measured at 100 ms after the‘pedestal onset did
not limit the neurones response to intensity increments., The responses of
only a few neurones in the present study (those of response type G)
were found to be in keeping with this coﬁclusion. For the maJoriéy
of units (those of response types A and B and some 6f type D) satur-
ation of the firing rate measured at 180 ms did limit the ré;ponse
of the neurone to intensity increments occurring at this time delay.

Subsequent to the completion of the present aiudy, Smith and
Zwislockl published extensiv§ data on the responses of cochlear nerve
fibres to tone pedestals and to increments in intensity (Smith, 1973;
Smith and Zwislocki, 1975). Although the present data are in good
qualitative agreement witg the. more recent cochlear nerve data of

Smith and Zwislocki (1975),
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there are some quantitative differences which will be discussed in
the appropriate sections below. From these more recent data Smith
and Zwislocki developed a model which accounted for most of their
data, This model is consistent with much of the present data but
fails to account for some of the present findings and will therefore
be described and its shortcomings demonstrated,

The only other directly comparable data of which this author is
awaroQ is that of Hassan and Boerger (1974) who also measured the
responses of cat cochlear nerve fibres to intensity increments, VThese
authors found that the response to an intensity increment increased
with the time at which it ocourred after the pedestal onset, This
18 1n agresment with some of the data of Smith and of the present
study (see Section 4.4.2), but since the frequencies and levels ‘of
the pedestals and inerements were not Quoted, it is not vossible to

make useful quantitative comparisons with these data.

4,4,1 Adaptation

Although adaptation was observed in monotonie . cochlear nucleus
cells at nearly all pedeatal intensities (see Section 4.3.1), the
amount of adaptation® which ocourred varied considerably from neurone
to neurcne. In some units the amount of adaptation which ogcurred
was 1ndependeﬁt of the pedestal intensity whereas in others the amount
of adaptation occurring decreased at high pedestal intensities, This
variation of adaptatién with pedestal intensity 1s considered in ﬁore

detail later in this section.

# 1,e. the degree to which the onset firing rate was reduced after
a specified time, in this case after 180 ms,
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Smith (1973) reported values for the ratio of the onset firing rate
to the firing rate measured at 150 ms (which is a measure of the
relative adaptation) of from 1.9 to 3.2 for cochlear nerve fibres;
this compares with values of 1.08 to 2.35 for the cochlear nucleus
cells in the present study in which the adaptation occurring was
independeni of pedestal intensity. This comparison suzgests that
at least in one population of cochleér nucieus celis the adaptation
which is observed 1s on average less pronounced than in cochlear
nerve fibres. However, if those cochlear nucleus neurones are con-
sidered which show adaptation dependent on pedestal intensity (type B),
values for the ratio of the onset firing rate to the 180 ms firing rate
of up to 18.2 have been found at low pedestal intensities; such rarge
values (18.2, 6.0 and 4.0) have only been found in three units, the
remaining units had ratioé between 1,29 and 2.73. Smith (1973)
also notes a greater variabllity amongst units of the cochlear.
nucleus compared with the cochlear nerve as well as more pronounced
adaptation in some units,

For cochlear nerve fibres, Smith (1973) reported that on average
the amount of adaptation decreases at high pedestal intensities, Taking
the median résponses of ten cochlear fibres he found a decrease in the
ratio of onset firing rate to the 150 ms firing rate from 2.54 to 2.22 as the
pedestal level was raised from 6dB to 17dB above’threshold, This decrease
is considerably smaller than the decreases observed in some of the
cochlear nucleus units in the present study. Unit 236,17 for example
(see Fig. 41C and 44) has a ratio of onset firing rate to 180 ms firing
rate of 2.1 up to an"onset firing rate of 400 spikes/sec, which corres-
ponds to a stimulation level of some 30 dB above threshold. This ratio
falls to a-value around 1.0 (representing no adaptation) as the pedestal

level is increased to some 70 dB above threshold. However, in the present
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data the largest decrease in the amount of adaptation to a pedestal

took place above the intensity at which the onset firing rate saturated
(see Section 4.3.1? and Smith's cochlear fibre data were, in the main,
énly collected up to levels of 30 dB above threshold. - Thus the more pronounced
decrease in adaptation as a function of pedestal intensity found in

gho present study compared to that of Smith may reflect the different
intensity ranges over which the data were collected rather than

genuine differences between cochlear nerve and cochlear nucleus.*

Smith (1973) also found more pronounced decreases in adaptation with
padestél le;el in the cochlear nucleus compared with the cochlear

nerve. It should be noted, however, that Smith's cochlear nucleus

data were in some cases colleated over a range of intensities comparable

with the present study and will therefore be subJect to the consider-

ations outlined above,

4,4,2 Responses to Increments

The dependence of the rasponse of cochlear nucleus cells to
increments in intensity (either at onset or 180 ms after the onset
of a pedestal) has been described in detail in Section 4.3.2. Smith
(1973) also m;asured the reaponses to intensity increments as a
function of the pedestal intensity of single units in the cochlear
nuclau§ and of single cochlear nerve fibres. His data were, in the
main, collected only over a limited range of pedestal intensities (30
dB or s0). Howeverp, he dsterminsd the responses of a few cochlear‘

fibras to intensity decrements, and of a few cochlear nucleus cells

» This point is considered again in Section 4.4.6 in which it is
suggested that decreases in the amount of adaptation occurring as a
function of pedestal:level may be as great in some cochlear nerve
fibres as in some cochlear nucleus cells of the present study.
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to'intensity increments, over ranges of pedestal intensity comparable
with the present study (up to 60 dB). When a sufficient range of
pedestal intensities were employed éhe responses of cochlear nerve
fibres to intensity increments or decremgnta fell to zero when the
firing rate saturated (the fibres illustrated in Smith (1973) were
all of response type A and had dynamic ranges for onset and iso ms
firing rates which were equal). Smith's data from the cochlear
nucleus are limited but noveréheloss he found one unit in which
responses to increments at 150 ms could be detected beyond the
intensity at whieh the firing rate at 150 ms was saturated (1.e, of
response type C), Thus it would appear that as far as these data
are comparable éhe ﬁreaant findings are in agreement with those of
Smith (1973).

In add;tion to the effect of pedestal intensity on the responses
to increments in pedestal intensity, Smith also determined the effect
of varying the time of occurrence of the intensaity increment. He
found that the response to an intensity inerement varied monotonically
with 1ts delay from the pedestal onset., Thus in later experiments
he only compared the responses to increments applied at the onset and
at 180 ms ;fter the onset of a pedestal. His findings are therefore
directly comparable with those of the present study and may be summarised
as follows:- When intensity increments or deorements are added td tone
(1.e. from about 10 @B above threshold up to the level at which saturation
pedestals of moderate intensity leve%f the resulting changes in firing gii;z;s
rate are nearly independent of the time delay of the increment from
the pedestal onset. However, when either the incremental or pedestal
intensity are sufficiéntly high, the changes in the firing rate in
response to an increment increase as a funetion of its delay from
pedestal onset,

These features are also evident in the present data, some of

which are illustrated in Fig. 49. In this figure the incrementa)



Figure 49

Incremental firing rates plotted against pedestal level for
twelve cochlear nucleus units. The incremental firing rate is the
difference between the responses to the incremented and non-
incremented pedestals at the appropriate time after onset. The
open circles are the measured incremental firing rates in response
to an increment in the pedestal intensity occurring at 180 ms after
its onset. The filled squares are the response to an increment in
the pedestal intensity occurring at its onset as predicted from the
onset firing rate versus intensity function. The letters A, B and
C indicate the type of response shown by the unit (see text).
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firing rate in response to an increment which occurs at 180 ms after the
pedestal onset (open circles) is compared with the corresponding incre.
mental response predicted frém the onset rate versus intensity fune tion*
(filled squares) as a function of the pedestal inteusitcy level. The
responses to increments of twelve units are 1llustrated in Fig. 49; a1l
four units of response type C are shown (lower plots labelled C) ang
eight others, chosen arbitrarily from units of response types A and B
(labelled accordingly in Fig, 49).

In all twelve units, above ﬁ level of about 20 4B above threshold
and below the level at which saturation of the onset firing rate occurs,
the increment occurring at 180 ms produces a greater change in firing
rate than that predicted in response to an increment at the pedestal
onset. Thus above 20 dB above threshold the response to an increment
increases as a function of its delay from pedestal onset which 1s in
agreement with the findings of Smith (except that he found incremental
responses which increased with delay at levels above 8 dB above threshold).
Below 20 dB above threshold a range of behaviours can be seen;, In some
units (e.g. 236,08, 236.10, 236.14 and 290.15) the intensity increment
produces almost equal changes in the units' firing rates when at onset or
at 180 ms. Thus In these 4 units, for pedesta] intensities “below 20 4B
above threshold, the response
to an increment was approximately independent of its delay from the pedestal
onset, This finding is also consisﬁent with the findings of Smith, In
other units (e.g. 236.17, 292.09, 292,07 and 292.17) the intensity

increment produces a smaller firing rate change when presented at

180 ms than when presented at the pedestal ‘onset (i.e. the response

# Although increments were also presented at the onset, the considerable
variability between consecutive analyses on a single unit (see Section
4,3,2.1 and Fig. 43) was considered too great for making direct quanti-
tative comparisons of the two incremental responses. Further, since
responses to increments at the onset could be bredicted from the onset
firing rate versus intensity funetion, this method was used for obtain-

ing onset incremental responses for quantitative comparison,
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to the increment decreases when delayed after the pedestal onset).
Smith (1973) and Smith and Zwislocki (1971) also found, in certain cases
discussed below, decreases in the response to an lntensity increment as
a function of its delay from the onset of a low intensity pedestal.
Smith attributed the very slight decreases he observed to the effect
of a noisy threshold (see Smith, 1973, p. 143)., Smith and Zwislocki
(1971) found only one example of a decreasing incremental response
and therefore considered this to be an atypical response and excluded
it from further analyses.

At high pedestal levels, the wider dynamic range of the 180 ms firing
rate compared to the onset firing rate for units of response type B, will
result in an incremental response which 1s larger when the increment is
delayed from the pedestal onset. In the extreme, at pedestal levels at
which the onset firing rate is saturated no change in firing rate will
occur in response to an intensity increment at the onset. An increment
oceurring at 180 ms will, however, still produce a firing rate change since
the>firing rate at 180 ms is not saturated. Since these considerations
only apply to units of response type B and not those of types A and C
and further, since increases in incremental response are observed in
some units at levels well below the level at which the onset saturated
(e.g. 236.08, in which the incremental response increases with time delay
even at 20 dB above threshold) they do not provide a sufficlent explan-
ation of wny the incremental response lncreases with delay for medium
tovhigh pedestal levels. (This point 1s discussed further in Section

4.4.3 below in relation to the model of Smith (1973).)

3.4.% A Model of Short Term Adaptation and its Relation to the Present

Data

In this section as the heading suggests, the model which Smith

(197}) developed to account for his findings in cochlear nerve
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fibres and single cochlear nucleus cells is briefly described ang the
degree to which the present data are consistent with the model is
examined.

The model illustrated in Fig, 50 was developed to account for the
responses of cochlear fibres o ( to changes in
the intensity of a pedestal and consists of three stages in cascade:

i) an input saturating non-linearity; ii) a linear decay stage, and;
1i1) an output saturating non-linearity,

Smith considered two possible mechanisms for the decay stage. 1, A
multiplicative automatic gain control process, and 2, a linear additive
process. From his findings that responses to increments in pedestal
intensity did not adaptrgs did the response to the pedestal* he concluded
that the decay stage was linear rather than multiplicative,

The decay stage plus the input saturation accounts for most of the
features which Smith observed; the input saturation determines the
onset, 180 ms and incremental firing rate versus intensity character-
istics and the decay stage produces the constant adaptation as a
function of pedestal level observed in many units (i.e. the ratio of
the onset firing rate tolthe 180 ms firing rate was constant as a
function of pedestal level). The output non-linearity was included
to account for the decrease in the amount of adaptation which is
observed at high pedestal levels in some units, Thus when the output
of the decay stage exceeds a certain value it saturates and since
the output is greater at the onset of a pedestal than at 180 ms, the
onset saturates at levels at which the 180 ms firing continues to

increase. At high pedestal levels the ratio of onset firing rate to

» i,e, the responses to increments were either constant or increased
as a function of the delay from the pedestal onset whereas the
firing rate to the pedestal decreased as a function of time,
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the 180 ms firing rate therefore decreases. Smith examined high
resolutiqn PSTHs to determine whether the onset firing rate showed
any signs of iimiting. Since he could detect no limiting of the
onset response he concluded that the output saturation was not a
'hard' saturation but had a gradual cut-off,

The data from some cochlear nucleus cells in the present study,
howevér, are not consistent with an output saturation with a gradual
cut~-off, From the model, the input saturation determines the
maximum dynamlc range of any part of the discharge, thus the 180 ms
firing rate (which is unaffected by the output saturation) represents
the input saturation characteristic., The difference b§tw;en the 180 ms
and the onset firing rates then reflects the additional effect of
the output saturation. Thus for unit 236,17, illustrated in Plg. 444,
the saturation of the onset firing rate (filled circles) at a lower
pedestal level than the 180 ms firing rate (open triangies) ismodelled by
the output saturation. The flat top of tho~onset firing r;te versus
intensity function suggoéts that the output saturation has a sharp
cut-off, This is not, however, consistent with the high resolution
PSTH ana],yées of Smith which showed no indication of 1imiting of the

"onset response and from which he inferred that the output saturation
had a gradual cut-off,

The major shortcoming of the model with respect to the present
data is its inabillity to account for the behaviour of units of response
type C. Smith was well aware of this difficulty and in fact uses a
unit of response type C as an illustration of one of the effects
which are not accounted for by his model, Since thq input saturation
is responsible for the onset, 180 ms and incremental firing rates
versus Iintensity functions, no incremental responses should ocour
beyond intensities at which the input exceeds the input saturation

level and the model is therefore unable to account for responses of



Flgure

A model of short-term adaptation {occurring over less than one'
second). The linear decay stage is preceded by a saturating 'input
non-linearity and followed by a saturating 'output' non-linearity. The
output function, g, is assumed to be linear except for a saturation at
(From Smith and Zwisloeki, 1975.) high outputs.

Figure 51
Responses of unit 152.1 from Mgller (1974b) to amplitude
modulated tones. -

A. Ratio of the discharge rate modulation depth to the stimulus
modulation depth (Gain in dB), plotted against sound intensity.
The parameters are the modulation rates in Hertz.

B. Rate versus intensity function for the same unit determined
using 50 ms tones at 10/sec.

Threshold for this unit was about 25 dB SPL.
Modulation depth was 30%.

Frequency of the tones was equal to the CF (12.8 kHz).
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type C. It should be pointed out, however, that the model was developed
mainly-from considerations of the responses of cochlear fibres and no
responses to increments'beyond the intensity at which the firing rate to
the pedestal saturates have been found in cochlear fibres. This does
not exclude the possibility that type C responses occur in cochlear fibres,
since only Smith's data on incremental responses of cochlear fibres is
avallable and these, in the main, were collected at levels below satura-
tion of the dischérge rate. If 1t can be shown that no type C responses
are ever found in the cochlear nerve then such a response must be the
result of re-encoding of the activity in single cochlear fibres at the
cochlear nucleus.

Smith invokes the operation of the output saturation to account for
the increasing responses to an intensity increment as a function of its
delay after the pedestal onset., Ouch an explanation can, however, only
account for an incremental response which increases with delay at high
stimulus levels*. Below the level at which the output saturation takes
effect an incremental response which increases with delay is a departure
from Smith's model, which only predicts incremental responses which are
independent of the delay from the pedestal onset. Smith concluded that
the increased incremental response at 180 ms compared to the onset
response for low level stimuli was due in some way to the adaptation
process and he termed this effect 'enhancement', This effect has also

peen seen in the present data (see Section 4, 4,2),

4. 4.4 Non-monotenic Units

Group D contains units which maintain sensitivity to signal

% See Section 4.4.2 for a similar discussion which is based on
differing dynamic ranges for the onset and 180 ms firing rates which
according to the model are due to the output saturation,



- 189 -
level changes over very wide ranges of stimulus intensity (see
Section 3.3.6.2). It is surprising, therefore, that the majority
of these units (8 out of 11) did not show consistent responses to
small intensity increments bver a similar wide range. The dynamic
range of the majority of the group D neurones to intensity increments

was no greater than that of monotonic neurones.

4 ,4,5 Additional Evidence for the Maintenance in some Cochlear

Nucleus Cells of Sensitivity to Small Intensity Changes at levels

Beyond those at which the Discharge Rate to Stationary Stimuli is
Saturated » » |

Mgller (1971, 1972b, 1973, 1974a, b) measured the modulation
of the mean discharge rate of cochlear nﬁcleus célls in response
to amplitude modulate& CF tones. He found that the depth of mod-
ulation of the discharge rate depended upon the rate of modulation
of the stimulus, suéh that the discharge modulation depth was
maximal at rates of 100 -~ 300 Hz, at which it exceeded ﬁhe stimulus
modulation depth by factors of 2 - 15 dB. For rates of modulafion
producing maximal discharge modulation, he found that the depth was
independent qf the average stimulus intensity up to and beyond inten-
sities at which the‘discharge rate to unmodulated tones saturated,
This is illustrated in Fig, 51A, from Méller (1974p) in which the
ratio of the discharge rate modulatlon depth to the‘signal modulation
depth (the gain in dB) is plotted against the average intensity level.
For modulation rates éf 100, 200 and 300 Hz (solid ecircles and continuous

1ines, solid squares and continuous lines and solid squares and
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broken lines, respectively) the gain was approximately independent of
the stimulus intensity. Fis. 51B illustrates the rate versus intensity
function for the same unit to unmodulated CF tones. It is clear by
comparison of Figs. 51A and 51B that even at intensities 40 dB above
that at which the discharge to unmodulated stimuli saturates, a signal
modulation of 30% produces a discharge rate modulation of the order of
30% (0 dB gain in Fig. 51A). Furthermore, the fidelity with which the
modulation waveform is repfoduced by the discharge modulation is similar
at intensities above and below those at which the discharge to unmod-~
ulated stimuli saturates (Mgller, 1974b).

Mfller (1976, 1977) falled to find a similar maintenance of
sensitivity to small infensity changes (amplitude modulation) in
cochlear nerve fibres, over ranges of intensity in excess of the dynamic
range of the fibres to unmodulated stimuli (the range of sensitivity to
1A£ensity changes was of the order of 30 dB). He therefore suggested
that the wider range over which the discharée rate of cochlear nucleus
cells is modulated by amplitude modulated stimuli, reflects the input
to such cells from cochlear fibres of different CFs, Thus as intensity
is increased and activity spreads to fibres of higher and lower CFs
the cochlear nucleus cells still receive input from unsaturated cochlear
fibres (Mfller, 1976). If such were the case and the fibre inputs to
the cells were excitatory, then the cochlear nucleus cells should have
a wide dynamic range even to stationary stimull and should have execitatory
response areas much broader than a single cochlear fibre. It is evident
from the data discussed in Appendix C that the excitatory bandwidths of
cochlear nucleus cells are in the maln no different from those of cochlear
fibres and the dynamic ranges of monotonic cochlear nucleus cells are
not significantly different from those of cochlear fibres (saé Chapter

Three). Thus a purely excitatory input to éochléar nucleus éells from

fibres of very different CFs seems untenable.
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In Section 3.4.3 it was suggested that the Spread of activity, as
intensity 1s increased, to fibres producing inhibitory inputs to
cochlear nucleus cells (inhibitory sidebands), might provide an explan-
ation of the non-monotonic rate versus 1nten$ity functions. From
examination of Mdller's data it can be seen that none of the published
PSTHs are primary-like and at least two of the cells had non-monotonie
rate versus intensity functions (one in 1972b and one in 1974b). Further-
more, Mgller (1974b) states that 'the frequency modulation of fhe dis-
charge frequency iniunits with a diminishing discharge rate (non-mono-
tonic units) is reversed in phase compared with un££s in whieh the
discharge rate increases with sound intensity'. Thus 1t would appear
that at least part of Mgller's data may be the result, not of an excitatory
input to the cochlear nucleus cells, but rather, of modulation of the

lateral inhibitory input to such cells which is activated by spread of

actlivity with increasing intensity,

4,4,6 Psychophysical Implications of Adaptation

‘Although adaptation reduces the rate of discharge over time, the
response to an intensity inecremental may elther remain constant or increase
with time delay. Thus an intensity increment will produce a larger rela-
tive increase in discharge rate when delayed from the onset of a pedestal,
Smith and‘ZWiSlOCki (1971, 1975) and Smith (1973) made similar assumptions
to those of Zwislocki (1972), séecifically that ;Sisnal—to~noise' ratio in
the neural domain determineé signal detectability, and that ﬁhe "nolse'
is the firing rate produced by the pedestal, the 'signal' being the
incremental response. From this they argued that an inerement in intensity
should be more detectable when delayed from signal énset, or put’ another
way, that to maintaim signal detectability at a constant level, the

intensity increment required would be less when the increment occurs
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after a delay from pedestal onset. Similar effects termed the
'overshoot' effect have been found psychophysically (Seho11, 1962;
Elliott, 1965; Zwicker, 1965 ; Green, 1969). Smith and Zwislooki
(1971) suggested that the psychophysical m;sking overshoot may be
felat;d to the increase in neural signal-to-noise ratio which
results from a constant or increasing incremental response, They
obtained a value of 5 dB for the reduction in increment level to
maintain constant neural signal-to-noise ratio (i.e. detectability),
This compares very well with data of Elliott (1965) and Green (1969),
for the difference in masking at stimulus onset and after a delay.
There are, however, several important objections to such a corres-
pondence between the physiology and the‘psyohophyaics. The major
obJjection arises from the paper of Zwicker and Fastl (1972) in
which they put forward a series of conditions neceasary for observance
of the overshoot phenomenon., The first of these is that the over-
shoot 18 largest if the critic&l band spectra of signal and masker
are different and virtually non-existent when they are identiocal,
which is clearly not the éase in the incremental experiments of
Smith and Zwislocki. Zwicker and Fastl (1972) also suggest that the
data of Green and part of Elliott's data are Qot concerned with true
masking overshoot but are due to energy splatter caused by abrupt
gating of the signals and it is these experiments which produce the
5 dB masking difference. The second point is that overshoot is
observed in backward masking which 1s unlikely to take place as
peripherally as the cochlear nucleus and cochlear nerve (Watanabe
and Simada, 1971). Finally the calculation of Smith and Zwisloeki
(1971) has only geen'performed for a single unit; furthermore, for
gignais of equal frequency and phase the value of increment level

‘diffarence based on their figures should be 9 dB not 5 dB#* Thus it

—

% Thanks are due to Drs. Wilson and Pick for advice on this caleulation,
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1s not possible as yet to directly relate physiological measures of
incremental sensitivity to measures obtained psychophysically.

Moore and Raab (1975) considered the possibility that discrimin-
ation of short (10 ms) and longer (250 ms)signals might differ sig-
nificantly, 1nd1cating the relative importance of the transient (onset)
and steady state portions of the neural firing pattern. Using a two
interval forced choice procedure they presented subjects with noise
bursts differing only in intensity., The increase in the Weber fraction
at high levels was not greater for the shorter duration noise burst
and the form of the Weber function was similar for the two durations.
Even for the 10 ms stimulus the DL was essentially independent of level
from 31-91 dB SPL. Thus small changes in intensity must be signalled
in the onset firing rate at least over the limited dynamic range used

in the study of Moore and Raab.

4,4.7 Comparison of the Psychophysically Determined Dynamic Range with

the Intensity Range over which Single Units can Encode Intensity Differences

Tne purpose of this sectlion 1s to reassess, in the light of the
data reported in this chapter, whether single reurones can encode inten-
sity differences over an intenslity range comparable with the psycho-
physically determined dynamic range for intensity discrimination.

In Chapter Three, units were described which had extremely
wide dynamic ranges as a result of gradual increases in the firing rate
with intensity beyond 'saturation', (The so-called sloping saturation
effect,) The data reported in this chapter enable an alternative
explanafion of this type of behaviour, in terms of the contribution
of the firing rates measured at the onset and after a delay from
the onset, to the discnarge rate averaged over the whole duration

of a tone burst (of up to 500 ms). For units of types A and
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C averaging the discharge over the duration of the stimulus will
produce estimates of the neurone's dynamic range equal to that
obtained by measuring either the onset or 180 ms firing rate. How-
ever, for units of response type B, the 180 ms firing rate has a
wider dynamic range than the onset firing rate. Thus averaging the
firing rate over the whole 200 ms burst would produce a rapid increase
in firing rate with intensity up to the level at which the onset
firing rate saturates. Beyond thils level, the increases in the 180 ms
firing rate will result in the firing rate averaged over the whole
purst continuing to increase but at a slower rate. Thus the firing
rate averaged over the whole burst will show a sloping saturation.

This explanation has been tested empirically by averaging the
firing‘rate of a type B unit over the whole pedestal duration and
plotting this firing rate obtained against the pedestal intensity. (To
do this the analogue magnetic tape recordings of the raw data of unit
236.17 shown in Fig. 44A were replayed via the gated counters using a
200 ms duration gate. See Section 4.2. for details.) The results of
this analysis are shown in Fig. 52( filled triangless along with a replot
of the onset and 180 ms firing rates shown in Fig. 44A (filled circles
and open triangles respectively). The rate versus intensity function
for the firing rate averaged ovér the whole 200 ms is of the type des-
cribed by Sachs and Abbas (1974) for cochlear fibres as having a sloping
saturation. Thus the sloping séturation is seen to be a result of
changes in the firing rate taking place at some delay from the stimulus
onset. Tnis is in accordance with some recent observations of Pickles
(1977 personal communication), who measured the threshold of single
cochlear fibres to a tone masked by an intense noise. When the continuous
nasking noise caused saturation of the fibre's discharge rate, no tone

threshold was determinable until a certain time from the noise onset.



Figyre 52

Discharge rate versus intensity functions for a single cochlear
nucleus unit,

Figt_lr‘e 5_5_

Dynamic ranges of the firing rates of cochlear nucleus units
measured at onset and after 180 ms and in response to an intensity
increment at 180 ms. Only neurones for which all three values were
measured are Included in this figure. The onset dynamic ranges of
these units were included in the pooled data plotted in Fig. 37.

The vertical 1lines represent the dynamic range of each single unit
plotted at the appropriate threshold and CF. Lines with no sumbols
other than filled triangles (see below) indicate units in which all
three firing rates had equal dynamic ranges. The filled triangles
indicate the threshold as determined by audio-visual eriteria where
this was different from that determined from the discharge rate
versus intensity function, The open circles indicate the dynamic
range of the onset firing rate, the small filled circles the dynamic
range of the firing rate measured at 180 ms and the open squares the
dynamic range of the response to an intensity increment. The heavy
line along the lower extremes of the dynamic ranges represents the
mean cat behavioural thresholds (see Section 1.3.1).
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when a definite threshold to the tone was obtained (it should be noted,
however, that the delay before a tone threshold was obtained was of the
order of seconds and:therefore may not be étrictly comparable to the
present effects which occur over less than one second).

The explanation of the sloping saturation given ébove also enables
the reconciliation of somé other findings in4the literature. The size
of the incremental response increases monotonically with the delay of
the increment from stimulus onset (Smith, 1973). Thus it seems reasonable
to assume fhat the dynamic range for thé firiné raﬁe measured at various
times after stimulus onset also increases monotonically with the delay.
Thus the finding of Sachs and Abbas (1974) of sloping saturations which
in Some cochlear fibres extended up fo 80~dB SL in reéponse to 400ms
tones would be consistent with the findings of Evans (personal commun-
jcation) that in respoﬁse to 40 ms tones the fibres with sloping satura-
tions were all saturated Qt 60 dB SL. The significant difference‘found
in Chapter Three between the dynamic ranges of the firing rates measured
over the onset 20 ms or over the wbole of a 500 ms tone is also con~
sistent with this exblanat1§n. ; |

Such an explanation of the sloping saturation would suggest that in
order to obtain the rate versus level functions described by Sachs and
Abbas (1974) which are shown in Fig. 29, the degree to which the adapt-
ation decreéses with increasing intensity must be as large in some
cochlear fibres as it 15 in some of the cochlear nucleus units of the
present study (see earlier discussion in Section 4.4.1),

In Chapter Three it was concluded that few if any cochlear fibres
were capable of encoding intensity differences over rgnggs:gompargble with
the psychophysically demopstrated dynamic range. Those fibres with wide
dynamic ranges (e.g. from Sachs and Abbas, 1974) had rate versus intensity
functions of the sloping saturation type. ' |

If intensity discrimination at high intensities depends upon these
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cochlear fibres with sloping saturations and the explanation of such
responses glven above 1s correadt then one might expect for Short dur-
ation signals (e.g. 20 ms) diserimination would deteriorate at levels
of about 40 dB SL at which the onset firing rate becomes saturated.
However the findings of Moore and Raab (1975) (over a 50 dB range) and
of Campbell and Lasky (1967) (over an 83 dB range) using 10 and 20 ms
tones respectlvely indicate that the discrimination of short tones
improves with intensity up to and beyond 40 dB SL in the same way as
it does for longer tones., The onset 20 ms of the cochlear fibre
discharge therefore appears to convey all the information necessary
for subjects to discriminate small differences in intensity at least
up to 80 dB above threshold (from Campbell and Lasky, 1967).

It is unfortunate that these experiments were not conducted
over a wider intensity range since, in our physiological data, the
distribution of thresholds and dynamic ranges even for relatively
short stimuli could span 80 dB. Nevertheless, at 80 dB above thresh-
old nearly all fibres in our sample were saturated and a deterioration
in diserimination would be predicted which 1s not found psychophysically.

In view of this limitation of the psychophysical data a contribution
to the diserimination of intense long duration stimull by the wider
dynamic range of the later firing, although unlikely, cannot be entirely
excluded. It is therefore appropriate in the following to examine
the possible magnitude of this contribution.
y The dynamic ranges over which units of response types A and B
responded to intensity increments were equal to the dynamiec range
of the firing rate measured at 180 ms. Inclusion of the sloping
saturation in the determinations of the dynamic range of the units
{1lustrated in Figure 37 therefore also defines the dynamic range
of such units to intensity increments. However, this is not true for
units of response type C in which the dynamic range to intensity
increments could not be predicted from the responses to pedestals.,
Thus in Flgure 53 the data reported in this chapter are summarised
taking into account the differing dynamic ranges of the onset, 180 ms
and incremental firing rates, The length of the vertical lines in
Figure 53 represents the dynamic range of a single neurone at the
,ppropriate frequency and the filled triangles represent the thresholds
as determined by audio-visual criteria 1f this was different from the
thresholds as determined from the rate versus level functions, (See
section 3.3 for discussion of this difference.) Vertical lines with
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no symbols apart from the filled triangles represent units of response
type A in which the onset, 180 ms and incremental firing rates all hag
equal dynamic ranges. The open circles represenf the dynamiec range for
the onset, the small filled circles the dynamic range for the 180 ms
firing rate and the open squares the dynamic range of.the i o
intensity increments. The solid line across the lower extremes of the
vertical lines represents the mean behavioural thresholds for the cat
(see Section 1.3. 1) All but a few neurones are saturated and no longer
show responses to small intensity increments at levels of 80 4B SPL
The few units which do respond to intensity changes above this level
had high minimum thrésholds whether due to very high CFs (which normally
have high thresholds, see Section 3.3.1) or due to the thresholds of
the particular cat from which they were obtained being higher than average
(such animal to animal threshold variation is discussed in Section 3, 4)
The maximum range over which primary-like cochlear nucleus units signal
changes in stimulus level, even taking ho account of the differenees in
unit threshoids is only of the order of 80 dB. This value Sﬁill falls
short of the intensity over which fine intensity discrimination is
preserved as determined psycﬁophysically.

In conclusion, while the utilisation of the wider dynamic ranges
obtained in response to longer duration stimuli could provide an extension
of the dynamic range ovef which primary-like cochlear nucleus neurones
can code intensity changes; this extension is not very great and does
not bring the single unlt ranges into agreement with the range deter
mined psychophysically.

In order to test the specific conclusions of Smith and Zwislocki

(1971) we have concentrated on primary-like units in the cochleaf nucleus
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which presumably reflect directly the primary input. The non-monotonic
- units which we have analysed, in general (although the data are
too limited for firm conclusions), seem to have wider dynamic ranges.
Since no such wide range is pres;nt in the firing rate of the primary
input, these cells must be decoding the intensity information whieh
either derives from many primary fibres or is encoded in a single
primary fibre in terms other than the mean discharge rate, Possible
mechanisms for such a decoding will be discussed in the next chapter

in which such cells are studied in greaterrdetail.

Summary
1. With the exception of levels near threshold, adaptation takes

place in monotonie - cochlear nucleus cells at all intensity levels,
including those causing saturation of the discharge rate.

2. The relative amount of adaptation oceurring in monotonie units
in the CN either remains constant with increasing stimulus level or
decreases,

3. The firing rates measured at the onset and at 180 ms after the
onset of a stimulus, saturate at different discharge rates,

4. Tnhe dynamic range for the firing rates measured at the onset and
after 180 ms after the onset of a stimulus and in responss to an
intensity increment are not equal for all units. For some units the
response to an intensity increment could not be predicted on theﬂbui8
of their responses to stationary tonal stimulf, Differences in the
dynamic range for the firing rates measured at onset and after 180 ms
provide a possible explanation for the 51°P138 saturation type of rate
versus intensity function,

5. Extensions to the intensity coding capability of single neurcnes

due to L the wider dynamic ranges of the firing rates
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measured at 180 ms after the stimulus onset and in response to an intensity
increment at 180 ms are insufficient to account for the psychophysically
determined dynamic range.

6. Some non-monotonic cochlear nucleus cells do respond over ranges

of intensity sufficient to account for the peychophysical dynamio

range. The wide dynamic range of such cells Buggests that inter alia

they decode the intensity information which is present in the primary

fibre input in some form other than large changes in the mean discharge
rate of fibres of CF equal to that of the cells, such as by integrating

input from fibres of higher and lower CF.
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CHAPTER FIVE: RESPONSES OF UNITS IN COCHLEAR NERVE AND COCHLEAR
NUCLEUS TO SIGNALS IN THE PRESENCE OF BANDSTOP NOISE

5.1 Introduction

In Section 1.7 some recent explanations of intensity coding were
discussed, the concepts underlying these explanations involved spread
of activity to unsaturated cochlear fibres at intensities for which
fibres with CF at the signal frequency were + saturated. The simplest
explanation concerned épread of activity to unsaturated fibres within
a limited frequency band around the signal frequency by virtue of a
range of single fibre sensitivities, This was shown to be untenable
by physiological measurements of single fibre thresholds (see Chapter
Three).
A second notlon was that intensity was encoded via a spread of
activity to fibres of higher and lower CFs., 1In particular, Allanson
and Whitfield (1955) and Siebert (1965) stressed the importance, for
diserimination taské, of responses of fibres in the cochlear nerve at
the edges of the region of activity. These models have been tested
psychophysically using a relatively intense masker which consisted of
simultaneous high and low pass (bandstop) noise, This masker should
drive into saturation the fibres at the ﬁigh and low frequency edges
of the reglon of activity Gue to the signal alone (upon which dis-
crimination is deemed to depend). Thus at high intensities, under
conditions of bandstop noise maékina.a deteripration in the DL is
predicted as fibres at the edges of the active region become important
for discrimination. That no such deterioration is observed at high
intensltlies suggests that a spread of activity across the frequency
continuum is not a necessary . «- ~--  condition for the main-

tenance of the very wide dynamic range for intensity diserimination,
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Under conditions of bandstop noise masking, sublects are apparently
able to utilize intensity information which 1s signalled over a very
wide range of Intensity by the fibres of CF equal (or near) to the
signal frequency. (Viemeister, 1974; Moore and Raab, 1975.5

Thus, in the experiments reported in Chapters Three and Four,
the dynamic range of cochlear fibres ang single cochlear nucleus cells
to stationary CF tones (presented alone) was measured, and possible
extensions to this range which result f;om the adaptation process
were assessed., Some monotonic cochlear nucleus cells had dynamic
ranges of as much as 80 dB, as a result of a 'sloping saturation'
(see Chapter Three). Even this range of 80 dB which is wider than the
usually accepted v;lues is still insufficient to account for the psycho~
physically determined dynamic range (see Chapters Three and Four for
discussion). |

Given—the implicit assumption that measurements from cat neurones
can be applied to human psychophysical data, a knowledge of the res-
ponses of cochlear fibres and cochlear nucleus cells to'CF tonal
stimull presented alone, does not, therefore, provide an explanation
of the way in which sensitivity to intensity changes is maintained
when the spread of excitation is limited, as for example, in conditions
of bandstop noise masking. We have, therefore, looked directly at the

single cochlear fibres and cochlear nucleus cells, under

responses ogkstimulus conditlons analogous to those used in the psycho-
physical bandstop noise maskinz experiments. We examined the discharge
of neurones in response to a signal at their CF for any aspeet which
changed systematically with the level of the signal over a wide
intensity range. The 1nitial study was performed at the level of the
cochlear nucleus, since the author was already familiar with the
necessary techniques, |

The results of this study showed that under conditions of bandstop
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noise masking, there were indeed cells in the cochlear nucleus which
responded to signal level changes by discharge rate changes,
over a dynamlic range comparable with that measured psychophysically,
Thus in later experiments, after completion of the cochlear nucleus
recordings, Dr, E. F, Evans Inserted an electrode into the cochlear
nerve and measurements of the responses of cochlear fibres to the
signal in the presence of the bandstop noise maéker were obtained
both by Evans and Palmer. It was found that cochlear fibres did not
respond to signal level chahges in the presence of bandstop noise over

ranges wider than thelr dynamic range to the signal alone.
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5.2 Methods

In the psychophysical experiments discussed above, a varlety
of levels of signal were presented at each bandstop noise masker
level, ard the DL was determined from the psychometric function
obtained. The direct physiological analogy to these experiments would
be to measure complete rate versus intensity functions for the signal
at each level of the masking noise, However, since the time avail-
able for analysis on any one unit was limited, a somewhat more res-
tricted procedure was adopted in which the discharge of the neurone
was measured as the signal level was varied over20 dB (in 10 dB
sﬁeps) about the level of the masker which was itself presented at a
varieéy of levels 20 dB apart.

Two methods have been used to set the levels of masker and signal,
a manual method and an automatic computer controlled method. The many
factors common to both methods will be described first.

500 ms bursts of signal (either a CF tone from the Dymar 74)
osclllator or white noise from noise generator 2, Fig, 24) were
presented simultaneously with a 500 ms burst of bandstop ﬁoise masker
at a repetition rate of one presentation every 1.3 s. The bandstép
filtering of the masker was achieved by use of a Barr and Stroud EF2
filter giving slopes of 36 dB/octave from the selected cut off A
frequencies. The relative levels of signal and masker could be
separately adJjusted by step attenuators (step - attenuators A and B,
Fig. 24).

In.the psychophysical investigations of diserimination of signals
in the presence of bandstop masking noise, a variety of stop bandwidths
and signal to masker intensity ratios have been employed, Thus the
choice of a particular stop bandwidth and signal to maskepr intensity

ratio for the present experiments was somewhat arbitrary and indeed
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in later experiments the effect of varying these parameters was

deliberately explored. Also, since Viemeister (1974) was able to
demonstrate - '} that the discrimination of white noise signals was

not degraded by the presence of bandstop noise masking, white noise
'signals' have been used as well as CF tones.

The initial stop bandwidth and signal to masker intensity ratio
were chosen to be analogous to the psychophysical experimental paradigm
used in our own 1aborator1es.(Pick, unpublished experiments.)

The bandwidth of the stop band of the masker was set at.a value
equal to three times the human critical bandwidth &t the CF of the unit,
The stop band was geometrically centred at the unit's CF (F1 to F2,

Filg. 54 ) This width of stop band was chosen by Plck to be wider than
the critical bandwldth of the human ear, even allowing for possible
increases in this bandwidth as a funetion of level,

- Pick measured the DL for discrimination of increments ang decrementé
in the intensity of a band of frequencies within a wide band noise,
Thus the signal to masker intensity ratio was 0 dB. The level of the
tone in the present experiments was adjusted to give 4 @B greater energy
than - the nolse within the ‘pass band of. the bandstop
nolse masker measured in  © a bandwidth equal to a single
human critical bandwidth cenéred at the CF of the unit under study.
Units ﬁere foﬁnd in the present study which responded monotonically -
to signal level changes in the presence of bandstop masking noise over
wide intensity ranges. These effects were observed over a range of
signal to masker intensity ratios. Since ¥ dB was near the centre of
thls range 1t proved post hoe to be an almost optimal setting, One
problem in setting the signal to masker iniensity ratio was drift in
the output of the Grayson Stadler noise generator. The noise level

was set up at the beginning of experiments and was found to have
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drifted by up to 3 dB by the end of some experiments. This drift
was extremely slow and the signal to masker Intensity ratio would
have remained approximately constant“throughout the afialysis of ‘any single unit.
There is, thus, some uncertainty as to the exact signal to masker
intensity ratio used in the analysis of some units,

The stimulus parameters have been set using values of human
eritical bandwidths (from Scharf, 1970). There 1is good quantitative
agreement between thése eritical bandwidth values and cat cochlear
fibre effective bandwidths (Evans and Wilson, 1973). There are,
however, some recent behavioural data in cat which~appear to suggest
that the critical band may be several times wider than the cochlear
fibre of effective bandwidth (see Section 1.3.3; Pickles, 1974, 1975, 1976).
It 1s quite clear however, from study of the effect of changing the ~ |
signal to masker intensity ration and stop bandwidth that the initial
values chosen for these parameters (+4 @B and 3 eritical bands) were
nearly optimal. .

Briefly, the analysis consisted of measuring the discharge of a
neurone 1in response to a signal presented at three levels relative to
the bandstop masking noise over a range of masking noise levels, The
bandstop nolse masker was presented at a variety of levels Ll to L6
separated by 20 dB intervals (see Fig, 54)., At each of these levels
L, the signal was presented at three leveis (A, B, C in Fig. 54 )
separated by 10 dB; +;4 dB, +4 dB and -6 dB relative to the masker
level (within a bandwidth equal to a human eritical bandwidth at
the frequency of the unit's CF, see above). Thus an overlapping series
of signal intensities was presented (sincé L1 +14 &B equals I2 -§ dB).

The following two methods have been used to set the levels of .

signai and masker.



Figure 54

Stimulus paradigm used in the experiments to investigate the
effect of bandstop noise masking. The masker is shown diagram-
atically in the upper left and the CF tone signal in the lower
left. The masker was presented at a series of levels L. to L6
(L1, 12 and L3 are shown) 20 dB apart. The signal was then
presented at three levels A, B, C spanning 20 dB at each masker
level. The tone at level B was 4 dB more intense than o
the noise within the passband of the masker, measured in a

bandwidth equal to a single human critical bandwidth centred at
the signal frequency (CF.).
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5.2.1 Manual Level Setting

The level L was set on the output-attenuator (see Fig. 24) anq
the three levels of the signal (A, B, C, Fig. 54) were set on the
step attenuator (Attenuator B, Fig, 24), After éo Presentations of
each of the three relative signal leveis at any masker level . the
masker level was increased by 20 dB and another series of 60 stimuli
were presented. When time permitted, the discharge of the neurone
in response to the signal + masker was also measured as the intensity
was changed in déscending order. In addition the discharge of the
neurone in response to the signal presented alone, was also measured
as a function of intensity. The unit's responses to these stimuli
were recorded on analogue tape and the PSTHs were generated off-line
on a Nuclear Chicago Data Retrieval Computer. During the experiment
the spikes elicited by a particular stimulus were counted and accumu-
iated over the 20 presentations. The disadvantages of this method

are its slowness and that partial analyses did not yield useful data,

5.2.2 Automatic Level Setting

The levels L and the relative signal levels A, B, C (Fig. 54)
were set using a PDP-8 computer to control two digital attenuatoré
(Digital Attenuator 1, for the relative signal levels, Digital
Attenuator 2 for the overall level, see Fig. 24) using a programme
speclally written for this analysis (see Appendix B, for the flow
diagram). The filter cut off frequeheies, tone signal frequency and
the 1evéls of signal and masker were set manually. Six levels of
masker, giving a range of 120 dB were used, making a total of 18‘
different combinations of signal and masker for one complete analysis
(3 signal levels at each masker level). Each 18 presentations containeg

éach of these combinations in a random order, During the analysis
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there was visual feedback to the experimenter consisting of a plot of
spikes/stimulus versus signal level, on an oscilloscope slaved to
the computer display. The display was continuously updated as
presentation of each serles of 18 stimull was completed. The data
were stored on digltal magnetic tape and plotted after the experiment,
This automatic.setting method had many advantages over manual setting
of the stimulus parameters. The foremost of these was 1ts speed; a
complete analysis only took 20 seconds and the continuous updating
of the display enabled termination of the analysis when consistent
averages were obtained (as determined by visual inspection), therefore
limiting the analysis in most cases to only 3 or presentations of
each stimulus. Many different analyses could therefore be performed
in a short period, This enabied parametric studies of effects 6f
changing the stop bahdwidth and the signal to masker intensity ratio.
In addition, since the number of spikes elicited by each presentation
of a particular stimulus was stored Separately, standard deviations
of the discharge elicited by the repetitions of a stimilus about the
mean value could be calculated, These provide an indication of the
significance of small differences.in mean discharge rate and are
56-59, 63-65,
shown in Figs.69-73 - The automatic method eliminated any order
effects since stimuli were>randomly ordered. The major disadvantage
of this method was that since the stimuli were randomly ordered it '

was not possible to 3imply generate PSTHs from analogue taped records

of the neuronal responses,
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5.3 Results

The results from both the manual and automatie teéhniques were
entirely consistent and provided complementary information. The data
points of the rate versus intensity functions measured manually were
obtained sequentially, whereas those of the automatically measured
rate versus intensity functions were obtained in random seduence thus
eliminating any effect of the ordering of the stimuli, In addition
the automatic method provided some indication of the significance of
the differences in mean discharge rate, Information on the temporal
patterning of the dischargg was obtained by generating PSTHs from the
manually collected data. In experiments in which the computer was
~ employed 1t was also used to obtain detalled measurements of the
neurone's response area ineluding any inhibitory regions present (see

Section 2,5.2 for details of method).

5.3.1 Responses of Neurones in the Cochlear Nerve and Cochlear Nuecleus

to Signals in Bandstop Noise Masker using a 3 Critica) BandwidthStopband

and a Signal to Masker Intensity Ratlo of +4 dB,

5.3.1.1 Classification of neurones

In response to the signal and bandstop noise stimilus two
qualitatively different types of response were obgerved at the level
of the cochlear nucleus and the neurones have been classified into
two groupings accordingly. A single criterion served to separate the
two response types: the range ofvmasker levels over which the neurone
responded to'signal level increases by monotonic discharge rate increases,
Neurones of one type responded to signal level changes over the
range investigated (20 dB) at each masker level by monotonie discharge

rate changes for all levels of the masker at which the signal was supra-

threshold.
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Neurones of the second type only responded to changes in signal
level by monotonic discharge rate changes for a few of the masker
levels investigated at which the signal was suprathreshold, For
neurones of‘this type, the range of intensities over which the neurone
responded to signal level chqnges in bandstop noise was usually equal
to the dynamic range of the neurone to the signal presented alone,

All but one of the cochlear fibres studied showed responses of
the second type.

Although this separation of the cochlear nucleus neurones is
based only on rate versus intensity functions to the signal in bandstop
noise, the two groups of neurones also differed. with respect to other
features (e.g. inhibitory side bands), which suggests that the division
may reflect some functional differen;es.

5.3.1.2 Response of cochlear nerve fibres to CF tones in the

presence of bandstop noise (31 fibres)

Following several of the cochlear nucieus experiments, electrodes
were inserted into the cochlear nerve of the same side by Dr. E. P, Evans
and responses of nerve fibres were determined in the same animal under
conditions identical to those used in the cochlear nucleus recordings
by both Evans and Palmer. The responses of six cochlear fibres to CF
tones in the presence of bandstop noise were measured using the manual
technique by Palmer and in later experiments the responses of 25 cochlear
fibres were measured by Evans using the automatic method,

Since the cochlear fibre FIC appears to represent the inverse of
the frequency response function of a linear filter (Evans ang Wilson,
1973), we should predict that the response to a tone and bandstop
noise combination should be very similar to the response to the tone
alone, The fibre should respond only to the stimulus energy falling

within its FIC, which since the masking noise stopband is centred on
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the FTC will not be much increased by the presence of bandstop noise.

For the majority of cochlear fibres studied these predictions were
indeed borne out. Of the 31 fibres (CFs 1 - 28 kHz) studied, 19
showed respon#es to the CF tones in bandstop nolse ;hich were indis-

" tinguishable from those to CF tones presented alone. The remaining
12 showed some affects of the noise masker. Eleven of these 12 fibres
showed responses similar to those illustrated in Figs. 55 and 56 for
fibres 327.50 (data obtained manually) and 450.41 (data obtained
automatically). The twelth fibre was-somewhat anomalous and will be
described sep;ratély.

In Fig. 55 the response to the CF tone presented alone 1s shown
by the dashed line. This fibre responds to changes in tone level over
» range of some 60 dB from 31 - 91 dB SPL, deseribing a typleally
sigmoid function, Each triplet of points Joined by solid lines
represents the responses to the three tone levels presented at each
pandstop noise level (see Section 5.2). Below the fibre's threshold
to the tone alone, no graded response-is seen to different lévels of
pandstop noise or tone. Once the level of the tone exceeds the fibre's
threshold’increases in tone level at each nolse level cause increases
in the discharge rate., At levels of tone which when presented alone
cause saturation, the fibre doesrnot respond to changes in tone level
at a particular noise level. The discharge rate in response to a CF
tone presented in bandstop noise thus rises from threshold to saturation
over the same range of intensities as in response to the CF tone pres-
ented alone. This fibre, therefore, exhibits a monotonic increase in
discharge in response to the signal in bandstop noise over a range of
some 60 dB from 31 - 91 dB SFL.

Tt is apparent, however, that factors other than the energy

withiﬁ the FTC must be influencing the discharge rate. Over the



Figure 55

Rate versus intensity functions for cochlear fibre 327.50
(CF 2.55 kHz)

The dashed line 1s the response to a CF tone presented
alone.

The dot-dashed line is the response to a wideband noise
presented alone,

The three circles Joined by continuous lines represent the
responses to the three tone levels at each level of bandstop
masking noise. The filled circles are data obtained as the
intensity was progressively increased and the open circles are
data obtained as the intensity was progressively decreased.

Figure 56

Rate versus intensity functions for cochlear fibre 450.41
(CP 0.73 kHz).

The dashed 1line is the response to the CF tone presented
alone.

The groups of three filled circles Joined by continuous
lines are the responses to the three tone levels presented at
each level of bandstop masking noise.

The top of the figure shows the standard deviation of the
individual spike counts about the mean values plotted in the
lower part of the figure.
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Figure 55
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rising part of the rate versus intensity function, the response to
a tone + noise combination is consistently iower than the response
to the tone + noise combinatién which has the same tone level and
20 dB less intense bandstop noise. The latter should result in less
energy within the fibre's FTC than the former, since the slopes of
the filter are 36 dB/octave. Despite this extra energy the response
to the more intense tone + noise combination is the lesser of the
two. This is not caused by the effects of prior stimulation since
it is still evident when the analysis is repeated in order of des-
cending 1ntensity (open eircles joined by solid lines, Fig. 55)
This lower firing rate to the more intense stimulus may be as a result
of two-tone suppressive effects, This will be discussed more fully
later. |

The response of fibre 327,50 to white noise stimull are shown
by the dot-dash line in Fig, 55, For wideband noise signals the
energy within the cochlear fibre filter depends on the effective band-
width of the FIC. The white noise rate versus intensity function has
therefore been shifted along the intensity axis by a correction
factor calculated from effective bandwidth values. The average
effective bandwidth of twenty fibres with CFs from 2 - 3 kHz (from
Evans and Wilson, 197}) is 295 Hz, thus a correction of 24,7 @B has
been added to the whit; noise spectral density. As expected, correction
for the effective bandwidth makes the white noise threshold very
comparable with thresholds for CF tongs both alone and in the presence
of bandstop noise, The intensity rate functioh for white noise, does
however differ from’the intensity rate functipns to CF tones in that
the slope 1s not as steep. The maximum white noise intensity available

from our equipment was not sufficient to drive this particular unit

into saturation.
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Figure 56 provides additional evidence that the effects of the bang-
stop nolse described for fibre 327.50 above are not due to effects of
prior intense stimulation. The data of Fig. 56 were obtained using the
automatlc method in which the different combinations of masker and signal
levels were presented in random order. fThe features deseribed for 327.50
(Fig. 55) are readily seen in the responses of fibre 450,41 (Pig. 56). 1In
particular the lower discharge in response to a tone in bandstop noiée
compared to the same tone level presented in a 20 4B less intense bandstop
noise may be seen over the rising part of the rate versus intensity function.
These features, although consistent from fibre to fibre, only reached a
level of statistical significance (P < 0.01) for the two values at -26 dB
for unit 450.41, |

The remaining unit (570.83) which showed the most extreme effect of
bandstop noise masking is 111ustrated in Fig. 57, This fibre, although
having a dynamic range to the tone presented alone of only 40-30dB (Fig, 57B)
shows a monotonic increase (albeit a small increase) to increases in signal |
level 1n the presence of the bandstop noise over some 80dB (Fig. 57TA). For
the triplets of responses to tones labelled a, b angd o in Fig. 57A the daire-
erences in dlscharge between the responses to a tone at its least intense
and most intense relative to each masker level ape all significant at p<0.05,
Furthermore the differences in discharge rate in response to the same tone
levels at two different masker levels (i,e, between a and b, b ang e) are
both signlficant, one at p<O.1 and the other at p<o.05. However, 1t should
be noted that the data points of Fig. 57A are mean values of only two read-
ings and any statistical inferences are consequently to be regarded with
caution. It is surprising, however, considering the homogeneity of responses
usually assumed for the cochlear fibre population, that responses showing
no trace of an effect of the bandstop noise masker, are found together with

responses such as those in Fig, 57,



Figure 57

Rate versus intensity functions for cochlear fibre 570.83
(CF 5.9 kHz).

" Figure 5TA shows the responses of this fibre to a CF tone
presented in bandstop noise masker, The three filled circles
joined by continuous lines are the responses to the three tone
levels at each level of bandstop noise masker.

Figure 57B shows the response of this fibre to the CF tone
presented alone. .

At the top of both Figs. 57A and 57B 1is shown the standard
deviation of the individual spike couhts about the mean value
plotted in the lower part of the figure. The letters a, b and ¢
are used to designate the responses at three masker levels and
are referred to in the text.
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Figure 57
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5.3.1.3 Category 1: Cochlear nucleus neurones responding

monotonically to signal level increases only over a limited

range of masker levels

This category consists of fifty-five cochlear nucleus neurones
of CFs 0.5 - 50.5 kHz. Forty-one of these were analysed using the
automatic method and 14 by the manual method, . examples of both
are given below., =~ 31% of the neurones were located in the DCN,
65% in the VCN and 4% in'the region of small cells between the DCN
an& VCN. |

Figure 58 shows the responses of VCN unit 323.07, which was
analysed manually. This unit has a non-monotonic rate versus
intensity function ih response to CF tone stimulation (dashed line,
Fig. 58). The discharge rate rises from spontaneous rate to a
maximum.and then falls to about 50% of the maximum rate as the level
of the stimulus increases by a furfher 30 dB. Considering both the
parts of the function with positive and negative slope (see Sections
3,3.6,2 and 4,%.2.4 for discussion of this point) this unit has a
dynamic range to CF tones of about 60 dB. “

when the CF tone is presented in the presence of bandstop noise,
the shape of the intensity rate function becomes more like the
sigmoid shape of primary fibres. Changes in the tone level at a
particular noise level only produce monotonic¢ changes in the unit |
discharge rate over a range of about 30 dB; beyond 55 dB SFPL changes
in the level of the CF tone at any noise level do not produce signif-
jeant discharge rate changes.

| Fig. 59 shows the responses of DCN unit 570.17 which was analysed
automatically. Fig. 59A shows the response to the CF tone (9.7 kHz)
presented aione. The discharge rate rises monotonically frdm thresﬁold

(14 a8 SPL) to saturation over 46 dB. When the tone is presented in



Figure 58A

Rate versus intensity functions for VCON unit 323.07 (CF
15.6 kHz).

The dashed line and open circles is the response to the CF
tone alone.

The sets of three filled circles joined by continuous lines
are the responses to the three tone levels presented at each
level of bandstop noise masker. The arrow against the absclssa
shows the average spontaneous rate measured during the analysis.
The spontaneous rate of this unit when first encountered was
118 spikes/sec. The inset is a photograph of the response of
this neurone to the tone alone at the intensity level indicated.

Figure 58B

PSTHs obtained by averaging the responses of unit 323.07
to 20 repetitions of tone alone and tone + bandstop noise stimuli.
The numbers at the right of the histograms are the tone level in
dB SPL for each analysis. The bin width is 10 ms.
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Figure 59

Rate versus intensity functions for DCN unit 570.17 (CF
9.55 kHz).

Figure 50A shows the responses of this unit to the CF tone
presented alone.

Figure 53 shows the responses to the CF tone + bandstop
noise masker. The sets of three filled circles Jjoined by
continuous lines in Fig. 53B are the responses to the three
tone levels at each masker level. The standard deviation of
the individual spike counts about the mean value is shown at the
top of each figure, The letters a and b are used to indicate the
responses at two masker levels which are referred to in the text.



Figure 59
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bandstop nolse (Fig. 53B) this unit shows a monotonic change in
discharge rate to tone lével changes at only two masker levels
(1abelled a and b in Fig. 5%) and thus has a dynamic range under
the . condiﬁions of bandstop ﬁoise masking of 40 dB. Above a tone
level of 54 dB SPL the response of this unit saturates whether or
not the bandstop masking nolse is also present,

A variant of this type of response is shown in Fig.60A for DCN unit 333.03.
This response 1is clearly very different from either of the two des-
cribed above, and, as will become apparent is much more like the
responses of units in the second category described below.

The response‘of this unit to the tone alone (broken line, Fig.
60A) is non-monotonie. The discharge rate rises to a maximum and
theﬂ decreases to zero as the stimulus level is furthef increased,
However, when the tone 1s presented in the bandstop noise masker a
completely different response from those described above is observed,
At those intensities at which this unit responds to the tone + band-
stop noise combination, increases in tone level at each noise level
cause monotonic increases in discharge rate. The same tone level
produces markedly different discharge rates depending on the relative
jevel of the bandstop noise. For example a tone level of 36 dB SPL
produces a discharge of over 120 spikes/sec with the bandstop noise
level of -14 dB relative to the tone (point labelled a in Fig. 60A )
see Section 5.2); the same tone level produces no spikes when presented
in a bandstop n&ise 6 dB more intense than the tone (point labelled
bin Fig. 60A). When the bandstop noise level is increased beyond a
certain limit.the unit is inhibited completely, and changes in dis-
charge rate in response to changes in the level of the tone are there-
fore prevented. This unit responds to tone level changes in bandstop
noise only at - two of the masker levels at which the tone is supra-

threshold (i.e. the dynamic range of this unit to the tone in bandstop



Figure 60A

Rate versus intensity functions for DCN unit 333.03 (CF
2.39 kHz).

The dashed line is the response to the CF tone alone.

The sets of three circles Joined by continuous lines show
the responses to the three tone levels at each masker level.
The filled circles indicate data obtained as the intensity was
progressively increased and the open circles indicate data
obtained as the intensity was progressively decreased. The
inset shows a photograph of the response of this neurone to
the tone + bandstop noise at the intensity indicated. The
responses marked a and b are referred to in the text.

Figure 60B

PSTHs obtalned by averaging the responses of unit 333.03
to 20 repetitions of the tone + bandstop noise stimulus. The
numbers at the right of each histogram are the tone level in
dB SPL for each analysis. The bin width is 10 ms.
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nolse is only 40 dB)., This type of response in which the bandstop
noise radically alt;rs the response of the unit to the tone is common
among the second category of units but complete inhibition does not
occur in the latter. As will be shown later (Sgction 5.3.2) alter-
ation of parameters such as signal :masker intensity ratio o; stop
bandwidth radically affect the single unit responses, It 1s possible
that suitable cholce of the parameters might have reduced
the total inhibition shown in this unit at high intensities thus
allowing monotoniec discharge increases over a wider range of masker
levels.

The responses of 4 neurones in this first category were also measured
using a wideband noise 'signal' in bandstop noise masker. All four
neurones showed responses to the wideband noise which were similar
whether or not the bandstop masker was present,

Of the 55 ne?rones in this first category 25 did not have inhibitory
sidebands and 18 had inhibitory side bands. The majority of the
remaining 12 neurones had very low rates of sbontaneous discharge
which obviates detection of sideband inhibition., The range of
intensity over which the 55 neurones showed monotonic discharge rate
changes to tone level changes in the presence of bandstop noise varied
from 20 - 70 dB with a mean of 37.5 dB and a standard deviation of
12.5 dB.

Eight units from one experiment have been excluded from this
classification as the single unit thresholds of this animal were very
high and therefore sufficient sound intensity was not available to
stimulate these units with more than one or two masker levels at
which the tone was suprathreshold. As a result of‘these high thresh-
olds most of these units would have been artifiecially classified into

the first category if ineluded in the sample,
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5.3.1.4 Category 2: Cochlear nucleus neurones which responded

monotonically to signal level changes at all masker levels at
which the signal was suprathreshold.

This category consists of 56 neurones with CFs of 0.7 - 29 kHz
of which 77% were located in the DCN, 16% in the VCN and 7% in the
small cellea region between DCN and VCN.H Forty-one of theée neurones
were analysed with the autométic method and 15 by the manual method
(see Sectlon 5.2); examples of data from both methods are given.

The respons;s of 2 neurones which were analysed manually are
shown in Fig. 61 and 62 for units 323.06 and 323.10. Unit 323.06 is
shown for a number of reasons: i. that it has a CF of 20,0 kHz (a
point which will be considered in the discussion); 1i. that it is the
most striking example of this response type foun& in the preliminary
experiments. Unit 323.10 is shown as the range of intensity over

'which changes in signal level, in the presence of the masking noise
produce monotonic discharge rate changes is very wide,

Considering first the response of 323.06 to the tone presented
on its own (dashed lines, Fig. 61A). The discharge rises to a
maximum over 60 dB (from 39 - 99 dB SPL).

In response to the tone in bandsto§ nolse, however, this unit
shows a response which cannot be predicted from the response to the
tone. At each level of bandstop noise, increases in the tone level
cause monotonic.increases in discharge rate (at tone levels above the
unit's threshold). Increases in bandstop nolse level at a particular
tone level cause‘inhibition of the discharge to below the spontaneous
discharge rate. Further increase of the tone level then again produces
increases in the discharge rate (cf. unit 333.03 in thevprevious
section). For this unit even changes in signal level from 98 - 118

dB SPL still evoke very large changes in the discharge rate. This



Figure 61A

Rate versus intensity functions for DCN unit 323.06 (CF
20.0 kHz)., The open circles and dashed line is the response
to the CF tone presented alone., The sets of three filled circles
Joined by continuocus lines are the responses to the three tone
levels at each masker level. The inset shows a photograph of
the response of this neurone to the tone + bandstop noise
stimulus at the level indicated. The arrow against the absissa
indicates the spontaneous discharge rate of the neurone.

Figure 61B

PSTHs obtained by averaging the responses of unit 323.06 to
20 repetitions of the tone and tone + bandstop noise stimuli.
The numbers at the right of each histogram indicate the tone
level in dB SPL for each analysis., The bin width is 10 ms.
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unit, therefore, responds monotonically to tone level changes in
bandstop noise from threshold, 38 dB SPL, up to 118 dB SPL or over
an 80 dB dynamic range. Even at the extremes of the intensity ranges
presented (118 dB SPL) there 1is no indication of total inhibition (as
in unit 333.03) or of saturation (as occurred in cochlear fibres 327.50
and 450,41 or cochlear nucleus units 323.07 or 570.17), The 80 dB
dynamic range 1s limited by two factors: 1. the maximum levels of sound
available from the equipment, and; i1. the relatively high threshold
of this unit which 1is not caused by any pathological condition since
this unit had a CF of 20.0 kHz; 20,0 kHz falls on the high frequency
cut off of the cat's audiogram and would therefore be expected to be
of relatively high threshold (see Sections 3.3 and 3.3.2),

Fig. 62A shows the responses of unit 323.10. The responses of
this unit to the tone alone are monotonie (dashed 1ine), rising to
saturation over 60 dB. The responses to the tone in bandstop noise
(solid eircles and continuous lines) are similap to those of unit 23,06
(Fig. 61). The major difference between the responses of unit 323.10
and 323.06 1s that the reduction in discharge rate caused by noise level
increases does not bring the discharge down to spontaneous rate or below
as 1s the case for unit 323.06. Over the whole range of intensities
presented to this unit increases in tone level at any bandstop noise

level cause 'monotonic'*increases in discharge rate (at tone levels
above the unit's threshold to the tone alone). This unit therefore
exhibits a 'monotonic’ response to different levels of tone in band-
stop nolse over a range of 100 to 110 4B above threshold (depending
on' whether threshold is taken as -4 or +6 gp SPL). Since no reduction
in the discharge rate change, evoked by the tone level change, is
observed at the highest levels, the only factor limiting this range

* In discussing the responses to tones in bandstop noise masker, the
term 'monotonic' is used in a somewhat restricted.context. The pes-
ponses of many DCN units to tones in a particulap level of bandstop
noise masker were certainly monotonic over the 20 dB range of tone
levels presented in that masker, However, if one consideres the res-
ponse to the tone over the whole intensity range presented ({,e, a
20 dB range of tone levels at each of 6 masker levels) they are non-
monotonic describing a sawtooth function (see Fig, 61A). Thus when
a unit 1s described as responding monotonically to tones in bandstop
nolse masker over a certain intensity range, 1t is meant that the
responses to the tone at each masker level within the range were

monotonie.




Figure 62A

Rate versus intensity functions for DCN unit 323.10 (CF
8.7 kHz). The open circles and dashed line is the response to the
CF tone presented alone. The sets of three filled circles joined
by continuous lines are the responses to the three tone levels at
each masker level, The inset shows a photograph of the response
of this neurone to the tone + bandstop noise stimulus at the
level indicated. The arrow against the absissa indicates the
spontaneous discharge rate of the neurone.

Figure 62B

PSTHs obtained by averaging the responses of unit 323.10 to
20 repetitions of the tone and tone + bandstop noise stimuli.
The numbers at the right of each histogram indicate the tone
level in dB SPL for each analysis. The bin. width is 10Oms.
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to 110 dB is the maximum sound levels available with which to test
this unit.

The responses of 19 of the units in this category (i.e., which
showed monotonic responses at all Suprathreshold tone levels) were
also measured using a wideband noise 'signal’ in bandstop noise
masker. Of these 19 units, 12 responded'monotonicallf to the noise
signal changes at all masker levels at which the signal was supra-
threshold (i.e. had similar responses to noise and tone signals in
bandstop noise masking) and 7 only responded'monotonically’over a
limited range of maskef levels; examples of both types of response
are given below.

The responses of unit 473,21 to a variety of stimuli are shown
in Fig. 63. Fig. 63A shows the responses of this unit to the CF
tone (14.9 kHz) presented alone, The discharge in response to the
tone rises'frog threshold to saturation over &0 - 70 dB. Fié. 6B
shows the responses to the CF tone when presented in bandstop masking
noise; at all masker levels at which the tone is Suprathreshold,
changes in tone level produce'monotonic'discharge rate changes. The
responses of this unit to wideband noise presented alone or with
bandstop noise are illustrated in Figs. 63C and 63D respectively, In
response to wildeband noise alone the units discharge inereases from
threshold to saturation over a range of noise intensity of 40 dB.
When the wideband noise is presented in bandstop noise, however, the
unit produces'monotonig discharge rate changes over g range of 80 gB,
Finally in Flg. €3E are shown the responses of this unit to a wide-
band signal presented in a wideband masking noise. Not Surprisingly,
since this condition is effectively the same as a wideband noise rate
versus intensity function (e.g. Fig. 63C), the unit exhibits only a
relatively narrow d.namic range under thése conditions. (The data

shown in Fig. 63E are the only data which we have obtained of



Figure 63
Rate versus intensity functions for unit 473.21 (CF 14.9 kHz).

Figure 63A 1s the response to the CF tone signal presented
alone,

Figure 6B is the response to the CF tone signal + bandstop
noise masker.

Figure 63C is the response to a wideband noise signal presented
alone,

Figure 63D is the response to the wideband noise signal +
bandstop nolse masker.

Figure 63E is the response to the wideband noise signal #
wideband noise masker.

In Figures 678, D and E the sets of three solid circles Joined
by continuous lines are the responses to the three signal levels
at each masker level,

The standard deviation of the individual spike counts about
the mean value is shown in the top part of the figures.
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widehand noise signal and masker,)

Flg. 64 shows the responses éf unit 570.03 which only responded
to changes in wideband noise signals over a limited range of masker
levels. The responses of this unit to the CF tone (3.5 kHz) are
shown in Fig. 64A As the tone level is increased the discharge rate
increases from spontaneous rate to saturation rate over 60 - 70 aB.
Fig. 64B shows the responses of this unit to the CF tone in bandstop
nolse masker; the responses are'monotonid'at all masker levels at
which the tone is suprathreshold. The responses to wildeband noise
alone and in bandstop masker are shown in Figs. 64C and 64D respectively,
As the level of wideband noise is increased the discharge rate
increases from spontaneous rate to saturation rate over only 40 dB
whether or not the bandstop noise masker is also present,

A substantial proportion of neurones which responded.monotonically'
to tone signals in bandstop noise masker did not show similar responses
to white noise signals. This is discussed further in Section 5.4,1,

Thirty-eight of the 56 units in this category had clear inhibitory
sidebands. The remaining 18 either were not tested for the presence
of side band inhibition (3 units) or had very low rates of spontaneous
discharge which obviated the det;ction'(by the methods used) of side
bands, even 1f present. The results of widening the masker‘stop
bandwidth for one unit in this category with low Spontaneous discharge
suggest that these units also possess inhibitory side bands (see
Section 5.3.2.2).

The dynamic range for|monotoniJ responses to tone signals in
bandstop noise for the 56 neurones in this category varied from 50 -
110 dB with a mean of 83 dB and a standard deviation of 12 g¢m, It
should be evident, however, from examination of Figs, 61 - 64 that
little deterioration in the ability of this group of neurones to

respond to signal level changes oceurred even at the highest levels



Figure 64

Rate versus intensity functions for DCN unit 570.03 (CF
3.47 kHz).

Figure 64A 1s the response to the CF tone signal presented
alone.

Figure 64C is the response to the wideband noise signal
presented alone.

Figure 64B is the response to the CF tone signal + bandstop
noise masker,

Figure 64D is the response to the wideband noise signal +
bandstop noise masker.

In Figures 64B and D the sets of three filled circles Joined
by continuous lines are the responses to the three signal levels
at each masker level.

The standard deviation of the individual spike counts about
the mean value 1s Bhown in the top part of the figures.
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employed. Thus the above dynamic ranges only represent the maximum
range of the units, as measurable with our equipment, not necessarily

the maximum range over which the units could respond to signal level

changes.,

5.3.2 Parametric Studies of the Effects of Varying the Bandstop Noise

Stop Bandwidth and the Signal to Masker Intensity Ratio

5.3.2.1 Preface

It is clear from the results described above, that at the cochlear
nucleﬁs, neuroneé are present which respond to signal level changes,
in the presence of a bandstop masking noise, over a range of intensity
comparable with the dynamic range for intensity discrimination deter-
mined psychophysically. The remaining experiments reported in this
chapter sought to extend these observations with two separate objectives,

The first objective was to extend the generality of the data
obtained using only a single stop bandwidth (3 eritical bands) and
signal to masker intensity ratio (+4 dB). In the psychophysiéal
experiments of Viemelster, Moore and Pi;k (see Seetions 1.7 and 5.1)
a Qariety of stop bandwidths and signal to masker ratios'were emplo&ed,
and while the absolute size of the DL depended upon the width of
the stop band, its constancy as a function of intensity was not
eritically dependent on either stop bandwidth or signal to masker
intensity ratio. Thus in attempting to compare the present single
unit data with the psychophysical data it is essentlal to determine
whether the responses which we have measured are tolerant of changes
in the stimulus parameters. The effects of'independently varying the
stop bandwidth and signal to masker intensity ratio have therefore
been studied.

The second objective of the following experiments was to elucidate
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the mechanism by which the cochlear nucleus cells are able to display
signal level changes over a very wide range of intensity as discharge
rate ckanges, apparently in the face of saturation of the majority of
cochlear fibres. Examination of the similarities and differences
between the responses of neurones in the two major categories described
above provide some circumstan§1a1 evidence about the mechanism,
PSTHs of units 323,07, 333.03, 323.06 and 323,10 are shown in
Figs, 588, 6(B, 61B and 62B respectively. In response to the CF tone
alone, none of these neurones shows a primarylike temporal discharge
pattern (i.e. a high onset discharge which decays smoothly to a
relatively steady rate). Unit 323.07 (Fig. 58B) has a primarylike
temporal pattern at 39'dB SPL and a suppression4following the onset
at higher intensitles which makes the pattern a 'pauser' type (see
Section 1.6.2). Unit 323.06 (Fig. 61B) also shows a ‘pauser' type pattern
and 323.10 (Fis. 62B) a 'build-up' patéern. When the tone is presented
in bandstop noise magker the temporal pattern of 323,07 (Fig. 588)
becomes more primarylike as the suppression following the onset ié
reduced and eventually overcome by the action of the bandstop noise
(the rate versus intensity function for this unit 1s also more sigmoid
to the tone + masker than to the tone alone). For units 323,06 and
323,10 the bandstop noise has a tonie suppréssive effect at its
' most intense relative to the tone and the pattern remains complex (by
which we mean the pattern shows both excitatory and suppressive effects)
for all combinations of masker and signal. ‘
Of the units which only responded ‘monotonically to the tone at
a few masker levels (category 1 above) PSTHs were obtained for 11
units of which 36% were primarylike aﬁd the remainder  were complex.
Of the units whicﬁ responded monotonically at all masker levels (category

2 above) PSTHs were obtained for 15 units of which only 132% were primary-

jike and the remainder were complex.
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Thus the majority of .neurones which showed'monotonic'responses

in the presence of bandstop noise,
to the signalever a wide intensity range had complex temporal
discharge patterns and in addition Several had non-monotonic rate
versus intensity functions to the tone alone. These are both response
properties which have been shown to be associated with the presence
of strong inhibitory regions within the unit's response area (e.g.
Greenwood and Maruyama, 1965). In fact gvery unit in category 2 for
which the presence of inhibiiory.side bandswwas specifically tested,
they.were found to be present. Provided signals are present which increase
over wide intensity ranges in both excltatory and inhibitory
reglons of the response area, it is easy fo see how the action of
the bandstop noise on these inhibitory areas could be 'blassing' the
unit's discharge rate, thereby malntaining its sensitivity to small signal
level changes., Further discussion of the nature of the input to
these cochlear nucleus cells will be presented in Section 5.%,2,

The hypothesis that biassing of the unit's discharge caused by
masking nolse energy within the inhibitory sideband was tested directly
by two methods. 1. By progressively inecreasing the stop bandwidth,
and 2. by altering the signal to masker intensity ratio. Both of
these methods alter the amount of masking noise energy which falls
within the inhibitory side bands. Increasing the stop bandwidth
progressively reduces the amount of‘masker eénergy in the side bands
and we should expect a corresponding progressive reduction in the
observed biassing effect. In the extreme when no noise energy falls
in the side bands the observed response should be similar to the
signal presented alone., Similarly in inereasing the signal to masker
intensity ratio, the masking noise energy in the inhibitory side bands
for a particular signal level will be pProgressively reduced and one

might expect a reduction in the observed biassing effect, These
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predictions are lndeed borne out as will be seen from the results
described in the following sections.

5.3.2.2 Responses of cochlear nucleus units to signals in

bandstop noise masker as a function of the stop bandwidth

The effect of varying the stop bandwidth of the masking noise
was Investigated for 12 units (with CFs between 1.73 and 29 kHz).,
The 12 units were of the second category, i.g. they responded'mgno-
tonically'to signal level changes at all masker levels, For 11 of
these units CF tone 'signal' was used and a white nolse 'signal' for
the remaining one. The responses to both of these signals were
qualitatively similar. The responses to a wideband signal in wide-
band masker were measured for only one unit and no biassing was
observed under these conditions (see Fig. 63).

All of the units studied, with a variet& of stop bandwidths,
responded in a similar manner and two typical responses are shown in
Figs. €65 and 67, The top part of both figures shows the automatically
determined frequency/intensity response areas (see Section 2.5.2 for
details of method). Unit 403.03 (Fig. 65) has an excitatory area
with CF of 6.6 kHﬁ flanked on either side~by inhibitory side bands
(as indicated by the reduction of the spontaneous discharge), The
length and position of the bars labelled B-G indicate the séop band-
widths and centre frequencies used,

rate versus intensity functions in

The series oﬁkresponse, to tones in the presence of the masker
are presented in order of increasing stop bandwidth, 'A' represents
the responses to the CF tone presented in wideband noise; the unit
(403.03) responds'monotonieally’to the tone over some 90 aB, 'g'
represééts the responses to the CF tone presented alone (which may
be thought of as the tone presented in a maskep with an infinite

stop bandwidth). This unit responds monotonically to the tone alone,



Figure Qﬁ

Variation of rate versus intensity functions with increasing
masker stop bandwidth. The top part of this figure shows the
response area of DCN unit 403.03 (CF 6.62 kHz). The length of the
lines is proportional to the number of spikes-elicited from the
neurone by a single presentation of a 50 ms tone plotted at the
appropriate frequency and intensity (see Section 2.5.2 for details
of the method).

The lower part of the figure shows the rate versus intensity
functions of this neurone in response to a tone presented either
alone or in a masking noise. 'A' is the rate versus intensity
function in response to the tone presented in wideband noise
masker and 'G' the response to the tone presented alone. The
width of the masker stopband (3 dB down points) used for the rate
versus intensity functions 'B' to 'F' is indicated in relation to
the neurone's response area by the lines labelléd accordingly. In
the rate versus intensity functions 'A' to 'F' the continuous lines
Join the responses to the three tones presented at each masker
level. At the top of each rate versus intensity function is shown
the standard deviation of the individual spike counts about the mean
value., The dashed arrows and the numbers on the rate versus intensity
function 'C' are referred to in the text.
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Figure 55

A schematic representation of the spectra of the bandstop
masking noise with respect to the response area of unit 403.03.
The four sets of masking noise spectra C, D, E and F are shown
as continuous lines drawn on copies of the response area of
unit 403.03 (see Section 2.5.2 for details). The spectra
shown (C, D, E and F) correspond to the masking noises used
to obtain the rate versus intensity functions C, D, E and F
shown in Fig. 65. The five levels of masker labelled 1 to 5
correspond to the levels of masker at which the sets of
responses labelled 3 - § in Fig. 65 were obtained.

The masker spectra are positioned on the abscissa at the
tone intensity which is equal to the intensity of the noise in
the masker passband measured within a bandwidth equal to a human
critical band centred at the unit's CF.
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over about 40-50 dB. As a gap 1s introduced into the wideband noise
and is prograssively widened, the response changes from one similar
to 'A' to one similar to 'G'. The bandwidth at which most of thig
transformation oceurs is between D and E and is shown by the dashed
arrows in Fig. 65. This is the stop bandwidth (between D and E) at
which the shoulders of the noise Just impinge upon the inhibito;y regions
of the response area. This is more clearly demonstrated by Fig. 66.

In Fig. 66 the response area of Fig. 65 is reproduced and the
spectra of five levels of masking noise are schematically indicated
for four different stop bandwidths., The four masker spectra in Fig,
66 correspond to those used for the rate versus intensity functions
C, D, E and F in Fig. 65 and are labelled accordingly. The responses
to the sets of three tones indicated as 1 to 5 in Fig. 65C were
obtained at the masker levels labelled accordingly in Fig., 66,

In Fig. 65C, no biassing effects are observed to masker levels
4 and 5, but biassing occurs to masker levels 1, 2 and 2. In Fig,
66C the masker at levels 4 and Sdoes not impinge upon the inhibitory
areas whereas at levels 1, 2 and 3 the masker does overlap the
inhibitory areas. Increasing the stop bandwidth to that of Fig., 65D
leads to a reduction in the bilassing effect of the masker at levels
1, 2 and 3 and also a reduction in the energy of the masker at these
levels which falls within the inhibitory areas (Fig. 66D)., In Fig,
65E only the masker at level 1, has any bilassing effect ;lthough it
can be seen in Fig, 66E that the masker at level 2. as well as at
level 1. impinges upon the inhibitory areas. At the stop bandwidth
shoﬁn in Fig. 66E the tone is tens of decibels above the masker in
the region of the notch. Presumably, therefore, the excitation due
to the tone is so strong, compared with the inhibition produced by
the masker at level 2, (which only Just encroaches into the inhibitory
areas in the noteh region) that the inhibition is completely overcome

and no blassing is observed. Finally, in Fig. 65F the blassing
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produced by the masker at level 1. is further reduced as is the
degree to which the masker overlaps the inhibitory areas in Fig. 66p.

In the case of unit 403.03, therefore, the effect of the masker
seems to be, at least qualitatively, explainable in terms of the
amount of masker energy falling within the inhibitory side bands
which are evident even for single tone stimuli. This is, however,
not the case for all of the units studied. Unit 473,09, for example,
whiéh 1s described in detall below, shows a number of features not
present in the responses of unit 403.03, Fig. 67 shows the responses
of unit 473.09. The response area of this unit has an excitatory
reglon centred at 3 kHz (CF) flanked by a weak low frequency and a
stréng high frequency inhibitory area. The responses to the CF tone
in bandstop nolse masker again change from being similar to the tone
presentéd alone ('F') to being similar to the tone in wideband noise
('A') This change ;ccurs between responses 'D' and 'E' which repre-
sents a stop bandwidth as indicated by the broken arrows. As in
unit 403,03 we see that this corresponds to the stop bandwidth at
vwhich the shoulders of the masker noise Just impinge on the inhibitory
regions of the response area. The degree to which the masker overlaps
the inhibitory side bands of this unit is better seen in Fig. 68,

Fig. 68 1s again a representation of the masker spectra with
respect to the response area, as in Fig. 66. Thus the three maskers
shown, C, D and E, represent those used in measurements of the rate
versus intensity functions C, D and E in Fig, 67. The responses to
tones labelled 1, 2, 3 and 4 in Fig, 67 were obtained at the masker
levels 1, 2, > and 4 in Fig. 68, Thus in Fig. 67E we see that only
masker level l. produces any biassing at all ang this 1s very weak,
Iﬁ Fig. 68E it 1s clear that only masker level 1. impinges on the
1nh1bit0ry side bands. The responses of unit 473,09 (Pigs. 67, 68)

thus appear similar to those of unit 403.03 (Figs. 65, 65) There



Figure 6

Variation of the rate versus intensity function with
increasing masker stop bandwidth. The top part of this figure
shows the response area of DON unit 473.0( (CF 2.88 kHz). The
length of the lines is proportional to the number of spikes
elicited from the neurone, by a single presentation of a 50 ms
tone, plotted at the appropriate frequency and intensity (see -
Section 2.5.2 for details of the method).

The lower part of the figure shows the rate versus intensity
functions of this neurone in response to the CF tone either
presented alone (F) or presented in a masking noise (A to E). A
is the rate versus intensity function to the tone presented-in
wideband masking noise. The width of the masker stop band (3 dB
down points) used for the rate versus intensity functions B to
E 1s indicated in relation to the response area by the lines
labelled accordingly. In the rate versus intensity functions
A to E the continuous lines join the responses to the three
tones presented at each masker level. At the top of each rate
versus intensity function is shown the standard deviation of
the individual spike counts about the mean value. The dashed
arrows and the numbers on the rate versus intensity function C
are referred to in the text.
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Figure 68

A schematic representation of the spectra of the bandstop
masking noise with respect to the response area of unit 473.09.
The three sets of masking noise spectra C, D and E are shown as
continuous lines drawn on copies of the response area of unit
473.09 (see Section 2,5.2 for details)., The spectra shown (C,

D and E) correspond to the masking noises used to obtain the

rate versus intensity functions C, D and E shown in Fig. 67.

The four levels of masker labelled 1 to 4 correspond to the levels
of masker at which the sets of responses labelled 1 to 4 in Fig.
67 were obtained.

The positioning of the masker spectra on the abscissa is
described in the legend of FPigure 66,
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is, however, a major problem in the explanation of the responses of unit

473.09 purely in terms of the amount of masker energy present in 1ts
inhibitory side bands.

Inhibitory side bands are generally triangular in shape (e. g.
Fig. 65) and therefore span a wide range of frequencies at higher
1ntensity levels. Thus in increasing the stop bandwidth, we might
expect that the bilassing effects of the noise would begin to
diﬁinish at low masker - levels while still being present at higher
levels, at which a particular masking noise might still impinge on
the wider inhibitory areas. While this does appear to be the case
for unit 403.03 (Figs. 65 and 66) in unit 473.09 the biassing effect
seems to fail at the higher inteﬁsities before the lower (e.g.
response D, Fig. 67) If we consider only masker levels 1. and 2,
it is evident that in Fig., 68D the amount of noise energy within the
inhibitory side bands is less than in Fig. 68C and thus the blassing
effect of masker levels 1, and 2, might be reduced sufficiently to
be overcome by the excitation due to the tone, which 1s some 30 dB
more intense than the notch of the masker. In Fig. 68E only masker
level 1. encroaches on the inhibitory areas and thus no blassing is
seen to masker level 2. Thus the masker levels 1. and 2, behave as
we would expect - the amount of blassing depends on the extent to
which the masker impinges on the inhibitory areas. If we now consider
masker levels 3. and 4. the problem becomes apparent -
biassing occurs to masker levels 3. and 4. in responses A, B, C and
D in Fig. 67 and yet it can be seen from Fig, 68C, D and E that
masker levels 3, and 4, do not impinge on strong inhibitory areas at
any of these notch bandwidths. Thus it would appear that the responses
observed in this unit may consist of two rarts, one at high masker
levels which 1s predictable from the inhibition of spontaneous rate
by a single tonal stimulus and a second part at lower masker levels

which is not predictable from the inhibition of spontaneoug rate by
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a single tone. There appears to exist a region within the response
area of this unit in which inhibition occurs when a stimulus is
simultaneously present at the CF, This region stretches from neap
threshold at the CF over a range of frequencies (at least as wide as
the stopband in Fig. 68D), which is quite Sharply delimited (since
the bilassing falls complétely to masker levels J. and 4, between the
stop bandwidths indicated in Fig, 68D and E). Such an inhibitory
area which 1s apparently only seen when mor; than one stimulus 1s
presented simultaneously may reflect either two-tone suppression at
the cochlear nerve or true two-tone inhibition (e.g. Galambos, 1944)
at the cochlear nucleus. Since the expanse of the inhibitory area .
in the frequency domain 1s quite wide even at very low intensities it
is unlikely that it reflects two-tone suppression at the cochlear
nerve which is usually limited to a narrow band of frequencies at low
intensities (see Evans, 1975afor review),

In summary, the biassing effects wﬁich we observe at the level
of the cochlear nucleus appear to be a result of lateral inhibitory
effects and as such disappear when a wide enough stop band 1s introduced
into the wideband noise masker. Not all of the responses observed,
however, are atiributable to the inhibitory areas in which a single
tone will inhibit spontaneous activity, The furthep Investigation
of the inhibitory effects of simultaneous presentation of more than
a single tone are beyond the scope of this dissertation,

A final example of the effect of varying the stop bandwidth is
given in Fig. 69 for unit 413,03 Which has virtually zero spontaneous
discharge rate. In this unit the change from responses like those
of the tone in white noise to those like the tone presented alone
takes place between responses 'E' and 'F', as shown by the broken

arrows. The low spontaneous discharge rate of this unit obviated
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Variation of the rate versus intensity functions with
increasing masker stop bandwidth. The top part of this figure
.shows the response area of DCN unit 413.03(CF 11.0 kHz). The
length of the lines is proportional to the number of spikes
elicited from the neurone by a single presentation of a 50 ms
tone plotted at the appropriate frequency and intensity (see
Section 2,5.2 for details of the method).

The lower part of the figure shows the rate versus intensity
functions of this neurone in response to the CF tone either
presented alone (G) or presented in a masking noise (A to F). A
is the rate versus intensity function to the tone presented-in
wideband masking noise., The width of the masker stop band
(3 dB down points) used for the rate versus intensity functions
B to F 1s indicated in relation to the response area by the lines
labelled accordingly. In the rate versus intensity functions
A to F the continuous lines join the responses to the three tones
presented at each masker level., At the top of each rate versus
intensity function is shown the standard deviation of the individ-
ual spike counts about the mean value, The dashed arrows are
referred to in the text.
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defection of any inhibitory areas present but it nevertheless behaves

as if it had inhibitory side bands.,

5.3.2.3 Responses of cochlear nucleus units to signals in band-

stop noise masker as a function of signal: masker noise intensity

ratio
The effects of varying the signal to masker intensity ratio has
been studied for some 26 units (CFs 2,47 - 29 kHz) using both CF tone
and wideband noise 'signals’. The signal to maéker intensity ratio
1s defined as the ratio of the infensity of the signal to that of a
wideband masker (of spectral density equal to that of the passband of the
‘bandstop noise masker) within.a bandwidth equal to the human critical
bandwidth centred at the unit's CF,
This ratio was varied in 10 dB steps either by keeping the
signai level constant and varying the masker level or by keeping the
masker level constant and varying the signal level. 1In practice both
methods were employed on the same unit in order to provide positive
and negative signal to masker intensity ratio excursions. In the
following, the signal to masker intensity ratlo is abbreviated to S/M.
Since the discharge rate of a unit appears to be a result of
both masker evoked inhibition and signal evoked excitation (see
previous section), one can make qualitative predictions as to the
effect, on the r;sponses, of changing the relative intensity of signal
and masker. As the tone signal is made more intense relative to the
masker the biassing effect should fail first at low intensities.
This is because at the signal levels which ape only Jjust suprathreshold
the tonevwill be well into the excitatory area while the relatively
less intense masker will be either only Jjust encroaching into the
inhibitory areas or below the threshold of the inhibitory areas,
The inhibition produced by the masker will therefore be insufficient

ﬁo overcome the excitation produced by the tone and no blassing will

be observed, At higher signal levels, although the masker will be
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well into the inhibitory areas, the tone will stil] be producing

relatively more excitation than the maskepr inhibitlon and one would
expect that any biassing taking Place would be weaker and thus the
slopes of the lines Joining the three tone responses at each maskep
level would therefore be reduced. As the S/M is further increased a
point will be reached at which no masker level will be suprathreshold
and the only response observed will be excitation to the tone.

Decreasing the S/M ratio should initially produce proportionally
more inhibition due to the masker and the slopes of the lines Joining
the three tone responses at each masker level should be increased.
Further decreases in the S/M ratio should result in the response to
the masker becoming much stronger than the response due to the tone
and it will therefore dominate the observed response. The above pre-
dictions are well fulfilled by the examples shown in Fig..70
(unit 473. 09). Fig. 71 (unit 570. 03) and Fig. 72 (unit 473, 21) All
of the units in category 2 studied with various S/M ratios showed
responses similar to those of these units,

In Figs. 70~ 73 rate versus intensity functions for the CF
“tone (Figs. 70, 71, 73) and wideband noise (Fig. 72) are illustrated
for a range of S/M ratios. The individual rate veréué intensity
functions have the same form as those described earlier in this
chapter, in that the continuous lines join the responses to the
three tones measured at each level of masker, Above each graph the
S/M ratio is indicated and the graphs are arranged in order of des-
cending S/M ratio.

Looking first at the responses of unit 473.09 (Fig. T70) we
see that at a S/M of +4 dB (as indicated by the figure abov; the
rate versus intensity functions) this unit responds monotonically to

the tone over a range of 80 dB. When the S8/M ratio is increased to



Figure 70

This figure shows rate versus intensity functions of unit
473.09 1in response to either a tone signal alone pr to a tone
signal in bandstop noise masker (stop band 3 human critical
bandwidths) at different signal to masker intensity ratios.

The signal-to masker intensity ratio is defined as the ratio of
the energy of the signal to that of a white noise (of spectral
density equal to that of the passband of the bandstop noise)
within a human critical band at the unit's CF and is indicated
in dB above each rate versus intensity function. At the top of
each rate versus intensity function is shown the standard
deviation of the individual spike counts about the mean value.
In all rate versus intensity functions, except that to the tone
alone, the continuous lines Join the responses to the three tone
levels at each masker level. The numbers on the +4 dB rate
versus intensity function are referred to in the text.
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+14 dB the biassing effect of the masker disappears at masker levels
jabelled 3 and 4. The responses to the three tones at masker levels
3 and 4 show clear biassing effects at S/M of +4 dB, but 1little or
none at all at S/M ratio of +1%4 GB. The slopes of the lines Joining
the three responses to the tones at the two highest masker levels

(1 and 2) are also reduced. At +24 dB this reduction in slope is
more pro;ounced and by a S/M of +34 dB the response looks very like
that to the CF tone presented alone,

As the S/M ratlo 1s decreased the first effect (at S/M of -6 dB)
is an increase in the slopes of the lines Join;ngnthe three responseé
to the tone at masker levels 2, 3 apd 4, due presumably to more
pronounced inhibitory effects of the masker, which at low levels
peduces the discharge rate to below the spontaneous discharge rate.
Further decrease to a S/M ratio of -16 dB results in the masker inhi-
pition becoming dominant, the tone only producing 1ncfeases in the
aischarge rate at its most intense level relative to each masker level.
Finally at a S/M ratio of -26 dB changes in the tone level at each
masker level do not produce discharge rate changes and the only
observed response is apparently that to the bandstop nolse masker
which inhibits the discharge to below spontaneous rate at low intensity
levels and causes weak excitation at the higher intensity levels.
mhis 1s despite the fact that the threshold of this unit to the CF
tone 1s ~100 B, which means that the tone will be exciting the unit
at 50 dB above 1its threshold at its highest level of the -26 dB S/M
rate versus level function. '

Fig. Tl shows the results from unit 570.03 plotted in a similar
manner; the same features are recognisable for this unit. At +4 dB

S/M ratio this unit responds‘monotonically’to the tone over a range

of some 80 dB (see +4 dB lower row; 1t is not clear why the tone



Figure 71

This figure shows rate versus intensity functions of unit
570.03 in response to elther a tone signal alone or to a tone
signal in bandstop noise masker (stop band 3 human critical
bandwidths) at different signal to masker intensity ratios.

The signal-to masker intensity ratio i1s defined as the ratio of
the energy of the signal to that of a white noise (of spectral
density equal to that of the passband of the bandstop noise)
within a human critical band at the unit's CF, and 1s indicated
in dB above each rate versus intensity function. At the top of
each rate versus intensity function is shown the standard
deviation of the individual spike counts about the mean value.
In all rate versus intensity functions, except that to the tone
alone, the continuous lines Join the responses to the three tone
levels at each masker level. The numbers on the +4 dB rate
versus intensity function are referred to in the text.
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responses at masker level 1 in the top row at +4 g are so much less
than at masker level 1 at +4 dB in the lower row since the two rows
differ only in overall level. One would only expect a shift of the
response by 10 dB along the intensity axis.) When the S/M ratio 1s
increased to ' +14 dB, the blassing begins {:o disappear beginning at
the masker level 4 and the slopes of the lines Joining the three
responses to the tone at masker levels 1, 2 and 3 are decreased, At
+24 dB S/M ratio only masker level 1 produces any biassing and at
+34 dB S/M ratio the response looks very like the response to the CF
tone ' presented alone.

Decreasing the S/M ratio to -6 4B results in a slight increase
in the slopes of the iines Joining the responses to the tones at
masker levels 2 and 3. At -16 @B s/M ratio the nolse inhibition
becomes dominant and the tone only produces an increase in the dis-
charge rate at its highest level relative to the masker level, When
the S/M ratio is further decreased to - 26 a8, the only observable
responses are those to the bandstop noise masker, which is inhibitory
at low intensity levels and excitatory at high intensity levels. This
again is despite the fact that at the highest level in the -26 @B S/M
ratio rate versus intensity function, the tone is exciting the uhit
at about 50 dB above threshold. This effect, also noted for unit
473,00 is discussed later,

A final example of this type of analysis on a unit which showed
a wide dynamic range (i.e. of category 2 above) is shown in Fig,72 for
unit 473.21 using a wideband noise signal, Th; features described
above using CF tone siénals are readily discérnible.

At a S/M ratio of -1 dB this unit shows a 'monotonic’ response to
signal level changes over a range of 70 - 80 dB. As the S/M ratio

is increased the bilassing effects initially become more Pronounced
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Rate versus intensity functions of unit 473.21 in response
to elther a wideband noise signal alone or to a wideband noise
signal in bandstop noise masker (stop band 3 human critical
bandwidths) at different signal to masker intensity ratios.

The signal-to masker intensity ratio is defined as the ratio of
the energy of the signal to that of a white noise (of spectral
density equal to that of the passband of the bandstop noise)
within a human critical band at the unit's CF, and 1s indicated
in dB above each rate versus intensity function. At the top
of each rate versus intensity function is shown the standard
deviation of the individual spike counts about the mean value.
In all rate versus intensity functions, except that to the tone
alone, the continuous lines Join the responses to the three
tone levels at each masker level. The numbers on the -1 dB
rate versus intensity function are referred to in the text.



COCHLEAR

oS Td

NUCLEUS UNIT 47321
NOISE ALONE +24 +19 +14 +9 +4 -1
Nl ' L L 1T
—r Ty i e e B e e B A e o S S S (e S g 2 pun S e _J YT T e YT T
150 < - - . .
SPIKES/ 1(5)0 P
STIM. . - S N ] P N —_ 7 ye 7 1 _}} 2
~_ > — . ]
50 ; o/ N _/ 1J\VJ s 4 / _/___//// 1—_ S
v‘o(";" ""“’_" —rrrrrrrrryverrri rrrvryyryvrrri - B rryTTYTTYTTYTT -
-173 -n3 -53
SPECTRAL DENSITY
(dB  ATTEN) '
: < Constont_Noise Signal Level )
- Decreasing Noise Masker Level \61
s
-1 -6 -16 -26
501 I -1 -
L% I —— e~
04 FrVrrrrrrorT T T (S S SN S Saan SR St SN SN St S da | 9
150+ -1 1 y
SPIKES / 100 . i i
STIM, 1 1 _ — S
50]'—_\/—/// T+ . /"'/ :Jr\/\ — b~ -
0 ‘r'.—rvvlpfv‘VYI ‘TIllll—VVT‘rv] lvlvvvlrvv-"l
",73 "",3 _53 -58 —68 __78
SPECTRAL DENSITY
U8 ATTEN) .
——Constont _Noise Masker_Le

Decreasing Noise Signal

level



- 25]_ -
(at S/M +4 dB). At a S/M ratio of +9 dB the biassing effects dis-
appear at maséer levels 3 and 4 and the slope of the lines Joining
the responses to the signal at masker levels 1 and 2 is reduced. At
a S/M ratio of +19 dB only the masker level 1 produces any biassing
and at +24 dB the response shows no blassing and looks like the
response to the white noise presented alone.

As the S/M ratio is decreased the masker begins to dominate the
unit's response. At -6 dB S/M ratio the 'signal' only produces a
discharge rate increase at its highest level relative to the masker,
At -16 dB S/M ratio the increases in discharge rate caused by the
noise 'signal' intensity steps are further reduced and at -26 dB S/M
ratio the only discernible response is that due to the masker even
though the noise signal 1s some 45 dB above threshold at its highest
level.

The effect of varying the S/M ratio was studied for only one unit
of category 1 (i.e. ﬁhich responded‘monotonically'only over a limited
range of masker levels). The results of this analysis on unit 570.16
are shown in Fig. 73 piotted in a similar manner to Figs. 69 - 71,
This unit shows no prominent biassing effects for S/M ratios of -6,
+4 or +26 dB. For a S/M ratio of +14 dB the highest masker level
does produce a biassing effect which s, however, insufficient to
produce ‘monotonic’ responses to the signal. Thus, for this unit,
manipulation of the S/M ratio did not change the response observed
from a category 1 to a category 2 type response. Since, however,
many of the neurones of category 1 had response characteristics such
as inhibitéry side bands and complex PSTHs which are shared by
category 2 neurones it seems likely that suitable manipulation of
parameters such as stop bandwidth and signal to masker ratio might

have changed the type of response observed,



Figure 73

Rate versus intensity functions of unit 570.16 in response
to elther a tone signal alone or to a tone signal in bandstop
noise masker (stop band 3 human critical bands) at different
signal to masker intensity ratios. The signal to masker intensity
ratio i1s defined as the ratio of the energy of the signal to that
of a white noise (of spectral density equal to that of the passband
of the bandstop noise) within a human critical band at the unit's
CF, and is indicated in dB above each rate versus intensity
function. At the top of each rate versus intensity function is
shown the standard deviation of the individual spike counts about
the mean value. In all rate versus intensity functions, except
that to the tone alone, the continuous lines Join the responses
to the three tone levels at each masker level.
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In general, for units in
category 2 (1.e. ha
.e, having a wide a
ynamic

ran evwh n
g en the signal is presented in bandstop noise), the eff
| » effect of
altering the si .
ng signal to masker ratlo are consistent with the su
ggestion
that the biassing effect is a result of lateral inhibition due to the

noise.
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5.4 Discussion

In the first part of this discussion some features of the
responses described above are considered and ,where appropriate,
comparisons are drawn with previously reported studies, The later
part of the discussion deals with the implications of the present
work for intensity encoding in the cochlear nerve and the nature of

the input to the cochlear nucleus neurcnes,

5.4.1 Some Aspects of the Present Data and Comparison with Previous

Studies

Greenwood and his colleagues have extensively studied the
responses of cochlear nucleus neurones to tone + noise stimli and
the present data shows many simllarities with that of the earlier
studies (Greenwood and Maruyama, 1965; Goldberg and Greenwood, 1966;
Greenwood and Goldberg, 1970).

Fig. T4 from Greenwood ;nd Goldberg (1970) shows the responses
of a DCN neurone to a CF tone and a narrow bané noise, The narrow
pand nolse is presumably located in the inhibitory side bands since
1ts effect when presented alone is inhibitory (Fig. 74a). The response
to the CF tone presented alone at the three different 1;vela shown 1is
excitatory (Fig. T4b). Fig. Thc shows three responses to the tone +
noise which are analégous to responses measured in the present study
in that the level of the noise band 1s kept constant and the tone
level is varied over 20 dB. At its least intense relative to the
noise the response to the tone is suppressed (compare lower PSTHs
{n columns b and ¢, Fig, 74), while at the two higher levels relative
to the noise the response t; the tone is augmented (compare BSTHs to
tone levels 20 and 30 dB SPL in colums b and ¢, Fig. 74). Similar

effects have been found in the present experiments using bandstop



Figure 74

PSTHs of responses to CF tones and narrow-band noises
alone or presented together,

(From Greenwood and Goldberg, 1970.)

Fi )

Responses of a neurone to a tone as a function of the

level of a band of noise either below CF (a and b) or above
CF (¢ and d)

(From Greenwood and Goldberg, 1970.)
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Figure 75
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Average-response histograms ot response ot unit

63-334-3 (a) to a band of noire outride the response area, (b) to
beet frequency tones, and (c) to combinations of the two. Stimuli
were 200msec in duration, coincident in time when combined, and
presented at a rate of 1/ser. Ordinate scale is 50 spikes per Lime
bin; time bin is 5 msec. Duration of stimuli is represented by
horizontal bar, and total time on the abscissa is 500 msec. Column
(a): response to a 500 Hz band of noise alone at 6.1 liz center fre-
quency at 60 dB SPL. Noise largely suppresses spontaneous
activity during stimulus but not after stimulus, Column (b): re-
sponse to a best-frequency tone of 9.S kHz alone at three intensi-
ties. Tone excites strongly and suppresses spontaneous activity
immediately after stimulus at all intensities shown. Column (c):
response to combination of band of noise and tone; noise intensity
remains constant; lone intensity increases. Noise partially sup-
presses tone response when tone is 10 dB and eliminates"tore’s
slight suppression of spontaneous activity after the stimulus
At two higher intensities of lone, same

noise augments response and docs not eliminate suppressive effect
of lone oti spontaneous activity immediately citcr stimulus
Location of uni!: uncertain, but probably dorsal cochlear nucleus
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noise as for example in unit 343,19 (Fig. 76B); the response to a tone

of level 46 B SPL (at -6 dB relative to the masker) is suppressed
below the response to a similar tone presented alone; the response
to tone levels 56 and 66 dB SPL 1n the same level of masker are
- greater than when the tone was presented alone. A mope common finding
in the present study was, however, a response to the masker + tone
which was below the response to the tone alone at the two lowest
levels relative to the masker, and approximately equal to the tone
alone at its highest level relative to the masker (e.g., unit 323.06,
Fig. 61; unit 473.21, Fig. 63).

Flg. 75, also from Greenwood and Goldberg (1970), illustrates
further similarities with the present data, The open SQuares in
this figure show. the responses to a band of noise centred either
above or below the CF (as indicated in the figure) when presented
alone. The noise 1s situated in the inhibitory sidebands (at least
for graphs b, ¢ and d, Fig, 75) and as its intensity 1s increased it
reduces the discharge below spontaneous rate and then at higher
1ntensit1es drives the unit (in a, b and ¢ byt not in d, Fig, 75).
If the same sequence of noise levels is bresented in the presence
of a CF tone the observed response of the unit depends upon the level
of the CF tone, If the CF tone is weak, the noise first suppresses
the response (maximum suppression oceurring at noise levels causing
spontaneous rate suppression when presented alone), and at higher
intensity the noise dominates the response and drives the unit as it
would have in the absence of the toﬁe; If the CF tone is more intense,
the noise (at least for some centre freqﬁencies) first augmented the
response to the tone and then reduced the respoﬁse towards and some-

times to exactly the value of response of the unit to the noise

presented alone,
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In the study of the effects of varying the signal to masker
intensity ratio, similar domination of the response by the noise was
also noted. For units 473,09 at a S/M of -26 4B (Fig. 70),'570 03
at a S/M of -26 dB (Fig. 71) and 473.21 at a S/M of -16 dB (Fig. 72)
the only observable response was that due to the bandstop noise
masker. In the rate versus intensity functions cited above, the
signal at its most intense was 50, 50 and 45 @B above the threshold
of the three units respectively. Signals at such levels, when presented
alone, produce a higher firing rate than that observed when the
signal is presented in bandstop noise. Thus it can be seen that, as
in the study of Greenwood and Goldberg, the noise is dominating the
response and driving the unit at a lower rate than would the tone
presented alone. Thus the narrow bands of noise of Goldberg and
Greenwood (1970) appear to have similar effects on the responses of
cochlear nﬁcleu; cells as the bandstop noise used in the present study.
One may speculate that any signal, whether wideband, narrow band or
bandstop noise or even single tones, which has sufficient energy with~
in the inhibitory regions of a unit's response area may produce the
biassing effects seen in the present study.

Wideband noise 'signals' when presented alone did not drive
the majority of  units as effectively as the CF tone 'signal'. At
the CN this 1s presumably because the noise simultaneously activates

poth excitatory and inhibitory regions of the response area,  *= .
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The finding for éochlear fibre 327.50 of a lower 31ope of the
rate.‘versus level function for noise compared with tBat for CF tones
(see Fig. 55) is in Agreement with the findings of Greenwood and
Goldbers (19%0) for narrow bands of noise, These authors attributed

the lower slope in large part to the amplitude fluctuations in the



- 258 -

narrow band noise, but suggested that other factors might also be

involved. Since amplitude fluctuations are much less for white noise

than for narrow bands of noisé, explanations of the lower slope of

the rate funétion in such terms seems less tenable. It seems reasonable

to suppose that at the level of the cochlear nerve, noise silgnals not

only cause excitatory effects but also produce suppression (see Evans,
tone suppression effects).

1975 afor review oftwoA' . Thus the differences between responses to

tones and nolse seen at this level may also refleet simultaneous

activation of excitatory and suppressive influences by the noise signal,

At the cochlear nucleus the existence regions of the biassing
effects in both signal:masker intensity ratio and stop bandwidth of
the masker dimensions are also different for the two signals (tone
and wideband noise). For both signals the blassing effects disappear
when the reject baﬁdwidth is made so wide that no masker energy falls
within the inhibitory regions of the response area., However, as the
reject bandwidth 1s decreased the blassing effects for the tone signal,
although not as pronounced as in bandstop masking, are still evident
and persist when the tone is presented in a wideband noise masker. In
contrast, as one would predict from the rate versus intensity function
to white noise (see Section 5.3.1.4 and Fig. 63) the wideband noise
in wideband noise masker does not show monotonié responses over a
wide range of intensity (although this has only been studied in one
unit). ‘

-Data for comparing the existence regions of the blassing effects
in terms of the S/M ratio are sparse since few studles of the effect
of varying the S/M ratio were completed with noise signals. The
indications are, however, that the blassing effects to tone 'signals’

in bandstop noise masker are evident over a wider range of S/M ratios

than for wideband nolse 'signals' in bandstop masking. For example,
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in Fig. 70 the blassing effects to tone signals are observable over
a range of S/M ratios of 40 dB (from +24% to -16 dB), in Fig. 71 this
range is again 40 dB (from +24 to -16 dB), Howeve§, in Fig. 72 the
range over which biéséing oceurs for noiée signals is only 25 dB (from
+19 to -6 dB). A second cell for which such data was obtained also
showed biassing using a white noise signal over a range of S/M ratios
of 25 dB. These differences could’of course be unit to unit variation
not due to the different signals, but for unit 473.21 (Figs. 63, 72)
data were obtained using both noise and tone signals in bandstop '
nolse masker which clearly showed a response to the tone 'signal'
over a wider range of S/M ratios than for noise 'signals'.

The existence region for thé observance of biassing effects of
the masker in terms of both reject bandwidth and S/M ratio therefore
appears to be more restricted for noise 'signals' than for tone 'signals'.
Since the settings of these parameters were initially chosen somewhat
arbitrarily (+4 dB S/M ratio and three human critical bandwidths) for
some units the values may have been ingppropriate to show biassiﬁg
effects of the masker using a white noise signal while showing such
a response to tones. This may at least in part explain why several
units responding monotbnically to tones at all masker levels failed

to do so for wideband noise 'signals’,

5.4.2 Implications of the Present Study for Encoding of Intensity

Differeﬁces in the Cochlear Nerve

It is apparent from both the psychophysical experiments and the
responses of cochlear nucleus cells described above that information con-
cerning differencesin 'signal' level in bandstop nolse masking is
being transmitted by the cochlear nerve over a very wide dynamic

range. What 1s not at all clear from the present data is which aspect
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of the single cochlear fibre discharge is carrying the intensity
information. Over the usually defined single fibre dynamic range the mean
rate 1s capable of encoding differences in the intensity of a signal. At
higher intensity levels, however, for signals presented alone, the
mean rate of the majority of cochlear fibres is saturated and
incapable of encoding small level differences,

Fig. 76 illustrates the deficiency of mean discharge rate as a
means of encoding intensity differences over a'wilde enough range. In
this figure are shown the responses of cochlear fibre 343.16F (Fig.
76A) and of DCN unit 343.19 (Fig. 76B) which have CFs of 12.8 and 12.6
kﬂz"respectiiely. These neurones wer; recorded in the same experiment
from the same ear thus enabling a direct comparison of the responses
at fhe two neural levels at approximately the same frequency, The
nerve fibre (Fig. 77A) only responds'monotoniéallf to the changés in
signal level in the p;esence of bandstop noise masker over a range
of some 45 dB. Beyond about 65 dB SPL this neurone's discharge is
saturated and shows no systematic changes as the tone level 1s varied
at each masker jevel. The DCN unit, however, responds ‘monotonically'
to the CF tone jevel changes at all of the masker levels at which
the tone 1is suprathreshold, and therefore has a dynamic range under
these conditions of about 100 dB. The cochlear fibre thus ceases to
signal small level changes 55 dB or 50 below the level at which the
DCN unit still responds to signal level changes, The thresholds of
both 343.16F and 343.19 are quite simllar (about 18 dB SPL). It has
peen shown in Chapter Three, however, that at any frequenc& the
thresholds of a single animal may vary by up to 20 dB, Even assuming
that cochlear fibres exist with thresholds 20 dB above that of 343,16F
that still leaves a considerable discrepancy of some 35 dB unaccounted
1t should also be noted, that as in the responses of many of

for.

the neurones in category 2, 343,19 (Fig. 76 ) may be capable of



Figure T6A

Rate versus intensity function for cochlear fibre 343.16F
(CF 12.8 kHz) in response to a CF tone signal presented in
bandstop noise, The sets of three filled circles Joined by
the continuous lines represent the responses to the three tone
levels at each masker level., The inset is a photograph of the
responses of this neurone to the tone + bandstop noise at the
level indicated.

Figure 76B

Rate versus intensity functions for DCN unit 343.19 (CF
12.6 kHz). The dashed line is the response to the CF tone
presented alone. The sets of three circles Jjoined by continuous
lines are the responses to the three tone levels at each masker
level. The filled circles were obtained as the intensity was
progressively increased and the open circles as the intensity was
progressively decreased. The inset is a photograph of the responses
of this neurone to the tone + bandstop noise at the level indicated.
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responding to signal level changes at even higher intensities which .
‘could not be tested due to equipment limitations,

It seems reasonable to coneclude therefore, that it is not
large changes in mean firing rate of the majority of eochlear fibres
(of common characteristic frequency) which is the level signalling
input to those units in the cochlea; nucleus capable of responding to
signal level changes over very wide intensity ranges,

There would appear to be two clear possibilities concerning the
transmission of the intensity information in the cochlear nerve,
under the masking conditions of these experiments, The first is
that some fibres of the cochlear nerve respond to signal level changes
in bandstop noise masking by small changes in mean discharge rate at
levels beyond those which cause saturation to the tone signal alone,
as for example fibre 570.83 (Fig. 57) These small discharge rate
changes would then be the input to the category 2 cochlear nucleus
cells.

The system could of course be able to utilise similar small
changes across a number of fibres, but for the Present we are only
oonsidering the capabilities of a single neurone, The changes in
mean discharge rate to changes in high intensity signals for fibre
570.83 (Fig, 57) are in fact quite small, A change in signal level
of 20 dB for example (from -47 to -27 dB, Fig. 57) only results in
a mean discharge rate change of about 20 spikes/ééimulus. Thus for
a signal level change of the order of a differehce limen (about 2 dB
for the cat, see Section 1.3.3), the mean discharge rate éhanges
only by about 2 Spikes/étiMUIu;- The higher levels of the auditory
system would therefore have to be capable of detecting a difference
of 2 spikes occurring in a 50 ms period containing some 40 ~ 60

spikes despite the faet that tone evoked cochlear fibre activity ig
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characteristically irregular (e.g. Kiang et al., 1965a; :Kiang, 1968).

It should be stressed that fibre 570.83 is the only example we'
have found of responses to the tone in bandstop noise over a wider
range than to the tone presented alone, and further that the data of
Fig. 57A consists of only two repetitions of the stimilus. If the
responses shown by this unit are typical of a minority population of
fibres in the cochlear nerve upon which diserimination depends, then
one might expect a discontinuity in the DL funetion; at low levels
of stimulus, changes of 10 dB will be signalled by large discharge
rate changes in many fibres whilst at high stimulus levels a similar
chaﬁge will only result in a small discharge rate change in a few
fibres, Thus the cue which the animal uses to detect the change
would be different and one might expect a discontinuity in the DL
function as one cue was abandoned in favour of the second; no such
discontinuity is found (see Section 1.2,5).*

Secondly, if the small mean rate chaﬁggs are not suffioiént to
provide the input to the cochlear nucleus cells which respond mono~
tonically over very wide intensity ranges then one must postulate
that intensity is encoded along another dimension of the cochlear
fibre discharge. The most attractive alternative to mean rate coding
1s encoding by meahs of the fine time structure of the fibre's dis-
charge. Certainly, phase locking in low frequency fibres ocecurs to
all suprathreshold signals including those for which the discharge
rate is saturated (Rose et al., 1967). It is, however, difficult to
see how such a mechanism could be of-importance at frequencies of
20 kHz (e.g. unit 323.06, Fig. Gi) since phase locking is not obvious
beyond about 5 kHz. A second pos;ible femporal coding mechanism
would be changes in the interspike interval distributions of cochlear

fibres without change in the discharge rate. As this has not been

% See footnote on page 144,
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studied under the masking conditi§ns of these experiments, it is not
possible at this time to form any conclusions on this point,

A third possible mechanism involves a combination on two or more
primary inputs. Since many cochlear fibres innervate a single IHC
(see Section 1.5.2)—it is not unreasonable to suppose that their
discharge patterns; which depend upon the same receptor potential,
may not be entirely independent. Thus while the fine time structure
of the discharge of a single flbre may bear no relation to signal
intensity, the temporal structure of the discharge of a group of
fibres from a single IHC might well vary systematically with intensity.
If this were the case then the category 2 CN cells might be combining
the outputs of several cochlear fibres'and performing some kind of
cross correlation in order to obtain an excitatory input which
increased with intensity over a very wide range. This possibility is
obviously highly speculative at present since no data are available
to test the hypothesis.

An alternative to such a suggestlon 1s that not all cochlear
fibres are completely saturated under conditions of bandstop masking
noise. The shoulders of the noise.could, for example, produce supp-
ression of some cochlear fibfes, since suppression is known to ocecur
in the cochlear nerve when two or more stimulus components are present
(see Evans, 1975a for review). Thus a 'biassing' might oceur at the
cochlear nerve level analogoﬁs to that found at the cochlear nucleus,
However, preliminary experiments of Dr. E. F, Evans to test this
hypothesis have failed to find any such responses in the cochlear
nerve (these experiments are discussed in Séction 6.3).

;n Chapter Three attention was drawn to the considerable proportion
of cochlear fibres which had sloping saturations, some of which as a

result had dynamlc ranges up to 80 dB. 1In Chapter Four it was suggested
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Rate versus intensity functions for DCN unit 323.10 (CF
8.7 kHz) in response to a CF tone signal in bandstop noise
masker,- The filled circles Joined by continuous lines repre-
sent the responses to the three tone levels at each masker
level as measured over the first 20 ms of the discharge, The
filled triangles and dot-dash lines, and open squares and
dotted lines represent the same responses measured over the
first 50 ms and 500 ms respectively. -
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that this wider range might reflect the contributlon of the discharge
some hundreds of milliseconds after the stimulus onset and that the
onset discharge had a more restricted dynamic range. It was further
noted that in the available psychophysical data, no deterioration in
discrimination of even short duration signals was evident and thus
the onset discharge must contain all the information necessary for
diserimination over a wide intensity range. If the category 2 cochlear
nucleus cells play a part in the diserimination process it is therefore
necessary to determine whether their responses are simllar for short
duration and for 500 ms stimuli. This was done by measuring the
discharge over a variety of durations from the stimulus onset from
tape recorded raw data of units 323.06 and 323.10 (whose 500 ms data
{s shown in Figs. 61 and 62).

The results of this anélysis for unit 323.10 for durations of 20
and 50 ms are shown in Filg. 77; in addition the data of Fig. 62 are
replotted for comparison, For this unit the blassing effects of the
masker are sti1l evident when the discharge rate is measured only over
the first 20 ms (filled circles and continuous lines, Fig., 77). The
dynamic range of this neurone for CF tone signals in the presénce of
pandstop noise masker 1s therefore of the order of 110 dB even when
using only 20 ms signal durations., For the second unit analysed (323.06)
the biassing effects of the masker were evident for signal durations of |
50 ms but piassing effects were not seen when the discharge was measured
only over 20 ms. Thus the wide dynamic range of cochlear nucleus cells
for signals in bandstop noise masker, is found when using stimulus

durations as short as 50 ms and for some neurones for stimulus durations

as short as 20 ms.
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5.5 Summary

1. The majority of fibres of the cochlear nerve respond 'mono-
tonically'to signal level changes in the presence of bandstop noise
masker over ranges of intensity which are equal to their dynamic
range to stationary tonal stimuli,

2; There are cells in the cochlear nucleus which respond'monotonically‘to
signal level changes in the presence of bandstop noise masker at all
masker levels for which the signal is suprathreshold, The dynamic
range for some neurones under these conditions are up to 110 dB.

5. The wide dynamic range of the cochlear nucleus cells is due
to the bandstop masker acting on inhibitory side bands biassing the
" cells discharge rate, thereby maintaining its sensitivity to small
signal level changes,

4, Parametric studies of the effects of changing the signal :masker
intensity ratio and the masker reject bandwidth, confirm that 1t is
the action of the inhibitory side bands which is responsible for the
very wide range over which the cochlear nucleus cells encode small
intensity changes.

5. Cochlear nucleus cells have been shown to have very wide
dynamic ranges under conditions of bandstop noise masking for both CF
tone and wideband noise 'signals'.

6. Large mean rate changes do not appear to occur in the
cochlear nerve over a sufficient intensity range to account for the
responses observed at the cochlear nucleus, The following alternatives
were therefore considered: 1. Not all*cochleﬁr fibres were completely
saturated at the highest intensities used and therefore smal} changes

in their mean discharge could occur .when the intensity was altered,
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2. The masking noise may release some fibres from saturation by -
'"two-tone' suppression. 3. The fine time structure of the discharge
may convey intensity information. Preliminary experiments by E.F, Evans
failed to find any evidence in support of the first two alternatives.
Of the three most obvious time codes (phase-locking. interspike
intervals and a c¢ross correlation of the discharge of two or more
fibres) the first two appear to be unlikely candidates since phase-
loeking and the presence of resolvable peaks in interspike interval

histograms are only evident up to about 5 kHz,
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CHAPTER SIX: GENERAL DISCUSSION

It was in an attempt to resolve the discrepancy between the
range of intensity over which single fibres can encode intensity
differences and the range of intensity over which humans can detect
small intensity differences that the experiments reported in this
dissertation were undertaken.

It has been suggested (e.g. Simmons, 1959; Borg, 1972; Borg
and Zakrisson, 1973; Suga and Jen, 1975) that the middle ear reflex
might extend the range over which single neurones could signal
intensity changes by compressing the amplitude of the input stimulus,
From a review of the literature in Section 1.4, however, it was
concluded on the grounds of 1) the wide range of intensity over which

humans discriminate small intensity differences even for frequencies

not atten-
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uated by the reflex and 11) that the growth of loudness of sounds too

short to activate the refléx was not restricted at very high intensities,

that the middle ear reflex was an insufficient mechanism to account for the

wide dynamic range forintensity discrimination observed psychophysically.
In Chapter Three, the range over which single neurones in cochlear

nerve and cochlear nucleus responded to differences in the intensity of

stationary tonal stimull was re-examined. The dynamie range of cochlear

nerve fibres of the presentreport(the maJority of which were measured

by Dr. E. F. Evans) extended up to only 60 dB and therefore was in

reasonable agreemeﬁt with previously reported values (e.g. Kiang et

al., 1965a). Dynamic ranges for tﬁ; majority of monotonic cochlear

nucleus eeils also ranged from 20 - 60 dB but the dynamiec ranges of a

few cells were found to extend up to 80 dB. The limited number of

cochlear nucleus cells with such wide dynamic rangeé had rate versus

intensity functions of the type described by Sachs and Abbas (1974:

for cochlear fibres) having sloping saturations (see Section 3.1.2),

Almost half of the éochlear fibres of Evans (Section 3.3.4) also |

had sloping saturations but were all completely saturated Sy stimull

60 dB above threshold. Sachs and Abbas, however, did find a minority

of cochlear fibres with dynamic ranges as wide as 80 dB (a result of

the sloping saturation). Thus in Chapter Three it was concluded that

there was no significaﬁt difference between the dynamic ranges of

asingle cochlear fibres and those of monotonic cochlear nucleus cells,

The majority of cochlear fivres are therefore completely saturated at

1evels of 80 dB or so above threshold. Inclusion of those neurones

with rate versus intensity functions of the sloping saturation type

s bring the single neurone dynamic range closer to that shown psy-

doe

chophysically but a discrepancy sti1ll exists.
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The remalining expériments reported in Chapter Three explored the
possibility that a hitherto undetected high threshold population of
neurones might exist. Measurements of single neurone minimum thresh-
olds in both cochlear nerve (by Evans) and in cochlear nucleus,
revealed that In a single animal the éhresholds at any frequency span
only 20 - 30 dB, the most sensitive of which approach the cat's
» behavioui‘al audiogram.

This finding is in good agreement with the previously reported
data of Kiang (1968) and of Evans (1972), However, some very recent
data suggest that ai least in a restricéed frequency band the range
of thresholds may be wider. Kiang, Liberman and Levine (1976)
measured the thresholds of cochlear nerve fibres in normal ani&als
which were distributed over 30 - 40 @B for most of the frequency range.
This range 1s wider than that found in the present study but may
merely reflect sampling differences: the number of thresholds measured
from a single ear in the present study was very limited compared
with the 176 fibres from a single ear measured by Kiang et al, (1976).
Over a band of frequencles (from 3 - 9 kHz), however, Kiang et al,
(1976) found threshold differences of up tt; 80 dB between the 1east
and m;st sensitivg fibres. They attributed this wide range to the
effects of environmental noise and suggested that 1t may be diffioult
to find cats with undamaged hearing,

Against this interpretation is the finding of Liberman (1977)
who reported that units differing in sensitivity by 70 a8 could be.
found, even when the cats were born and raised in 2 soundproof chamber,
The frequency range over which such a threshold distribution is founq
is not indicated. Liberman used electrioc shocks to locate the high
threshold fibres which all had zero spontaneous rate. It is therefore

conceivable, as suggested in Chapter Three, that if such units do
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indeed exist we would have overlooked them with our present techniques,
However, we would have definitely foung the large numbers of neurones
(which Kiang et al, (1976) reported) with thresholds within 40 4B of
those of the most sensitive neurones since our search stimull were
typlcally 50 dB above the most sensitive thresholds,

Since the FICs of the high threshold units are not shown Sy
either Kiang et al, (1976) or . Liverman (1977) 1t 1s not possible to
decide whether the high thresholds represent units of low sensitivity
but are otherwise normal (i.e. sharply tuned) or whether they are
very broadly tuned and likely to be the result of cochlear pathology
(Evans, 1972) as indeed, was suggested by Kiang et a1, (1976)

Further evaluation of these data awaits their publication in a more
complete form. For the remainder of this discussion the range of
thresholds (20 - 30 dB) reported in Chapter Three 1s assumed,

If one combines e?en the limited threshold range of 20 - 30 4B
with the dynamic range of some cochlear fibres showing 8loping satur-
ations (and hence dynamic ranges of 80 dB or so), 1t would appear
that a small number of cochlear fibres would be:capable of responding
to signal level changes over a range of intensity comparable with the
psychophysically determined dynamic range. It should be remembered,
however, that few neurones have thresholds as much as 30 dB above
those of the most sensitive neurones (even in the data of Kiang et

(1976)) and few of those fibres with sloping saturations have
dynamic r;Ages of as much as 80 dB. Thus the numBer of fibres not
.only of relatively high threshold but also of wide dynamic range
will be extremely limited. This is evident in Fig. 37 in which even
taking no account of the wide variation of thresholds between animals,
nearly all of the neurones are saturated at 90 dB SPL. Thus it seems

doubtful that neurones with sloping saturations which sti1} respond



at levels of 100 dB above absolute threshold would be sufficiently
numerous to account for i) the fine intensity diserimination observéd
psychophysically at such ﬁigh stimulus levels, and 11) the large
proportions of cochlear nucleus neurones which have véry wilde dynamic
ranges (up to 110 dB) under conditions of bandstop noise masking,
Furthermore, if fibrés with sloping saturations are important for
discrimination at the high intensities, the cue which the animal uses
to discriminate a change in intensity must change as intensity is
increased; at low levels an increase of a few dB causes a large
increase in the discharge rate of many fibres, whereas at levels at
which only a few sloping saturation fibres are still unsaturated a
similar change in intensity will result in only a small change of the
discharge rate in a few fibres. Thus, as has been argued, at the

changeover from one cue to the other, one might expect a discon-:
tinuity in the DLversus intensity functioﬁ#which is not the case and
in fact rémains smooth to the highest Intensities tested,**

It was therefore concluded in Chapter Three that since few
cochlear fibres are capable of responding to intensity differences at the
highest levels at which fine intensity disecrimination is malntained in
humans, the dynamic
range of neurones to stationary tonal stimuli was insufficient to
account for the psychophysically determined dynamic range. The experi-
ments of Chapter Four therefore examined two possibilities: 1) that
the adaptation process occurring in primary neurones and monofonic

cochlear nucleus cells might serve to extend their dynamic range, and

#% The contribution of fibres with sloping saturations to intensity
diserimination at high intensity is discussed further later in
the light of the findings of Chapter Four,

# But see footnote on page 144,
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i1) that neurones might have a wider dynamic range to incremental
inéensity changes than to stationary stimuli.

It was found that for some cochlear nucleus units (1abelled
Type B in Chapter Four) the dynamic range of the firing rate measured
after adaptation (180 ﬁs after onset) did indeed exceed the dynamic
range of the firing rate before adapéation (measured at the stimulus
onset). This wider dynamic range of the firing rate measured at 180 ms
after'the stimulus‘onset was a result of a reduction in the amount of
relative adaptatioh* occurring as a function of stimulus level. The
widest dynamic range to stationary tonal stimuli, even measuring the
firing rate at 180 ms after the stimulus onset, was still only of the
order of 70 dB.

In those units for which the dynamic range of the firing rate
measured at the stimulus onset was narrower than that measured 180 ms
after the onset, the rate versus Intensity function for the firing
rate measured over the whole duration of the stimulus was of the
sloping saturation type. Complete gdaturation of the rate versus intensity
functioné 50 obtaingd occured at the intensity at which the firing
rate at 180 ms after the onset saturated. Thus measuring the discharge
over ﬁhe whole duration of a stimulus appears to take account of the
wider dynamic range which results from changes in the relative adap-
tation occurring with increase in stimulus level, This explanation
of the sloping saturation type of rate fUnctioﬂ, if correct, has a
further consequence. If discrimination at high intensity depends
on fibres with sloping'saturation (i.e. dynamie ranges of 80 dB or
so) and dynamlc ranges of 80 dB are only found for stimuli in excess

of‘50 ms (since dynamic ranges of only 60 dB were ‘found by Evans) then

* The relative adaptation is defined as the ratio of the onset to
the 180 ms firing rate (see Chapter Four).
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one should expect a deterioration in the intensity diserimination of
short duration signals for which the dynamic range of neurones is
limited. The available psychophysical data, however, indicate that
the discrimination of sounds of only 20 ms duration continues to
improve with intensity up to at least 80 dB above threshold (Campbell
and Lasky, 1967). It is unfortunate that these psychophysical data
were only colleéted over an 80 dB range since combination of the
dynamic ranges found by Evans (up to 60 dB, Section 3.3.4) with the
range of neural sensitivities could account for such data: However,
' Evans 'data were collected using 50 ms tones and the explanation of
sloping saturations would suggest that the dynamie range for 20 ms
tones might be more restricted. Thus it would appear, that cochlear
fibres with dynamic ranges of the order of 80 dB, as a result of a

sloping saturation, are neither necessary nor sufficient to account

for fine intensity discrimination at high intensities for short duration stimuli.

A few cochlear nucleus cells responded to smal) intensity incre-
ments occurring 180 ms after the stimulus onset over ranges of intensity
which were wider than predictable from their response to stationary
tonal stimuli (Type C, Chapter Four), The widest dynamic range to
intensity increments found in the, élbeit limited, sample of such
neurones was 80 dB. Such responses to intensity increments are
apparently not found in the cqchlear nerve (Smith, personal communic-
ation).* If no such responses occur in the cochlear nerve then the
wider-dynamic range of some cochlear nucleus cells to intensity

increments must result from re-encoding the information carried by

cochlear nerve fibres,

# Although this is not clear from the available published data (Smith,
19735 Smith and Zwislocki, 1975) since these studies were only per-
formed over a restricted range of intensity.
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The extended dynamic range to intensity Increments was only found
when the increment occurred at Some delay from the stimulus onset, Thus
as with neurones exhibiting Sloping saturation it is difficult to see ’
how such cells could contribute to the discrimination of sounds of short
duration. In addition two alternative forced choice diserimination
experiments do not involve incrementing a pedestal (the intensity ig
constant throughout the &timulus) and 1t 1g doubtful whether Type ¢
neurones could contribute to disérimination of intensity changes under
these conditions,

According to our data, a single low threshold population of neurones
exists in the cochlear nerve and cochlear nucleus, and (given the qual-
ifications outlined above) the dynamie ranges of neurones innervating a
limited region of basilar membrane (with CFs at the stimulus frequency)
appear inadequate to account for the psychophysical data, Neverthelesé
under conditions of bandstop noise masking, which limits the spread of
activity across the frequency continuum, neurones in the cochlear nerve
innervating a limited expanse of basilar membrane are apparently capable
of signalling intensity changes over a wide dynamie range., Thus in the
experiments reported in Chapter 5, the responses of neurones in cochlear
nerve and cochlear nucleus under conditions analogous to the pPsychophysical
bandstop noise experiments, were examined,

Under bandstop noise masking conditions g substantial Proportion of
cochlear nucleus neurones had very extensive dynamic ranges, Dynamie
ranges of up to 110dB were found with no indication that the neurones
would fail §o respond to signal level changes at even higher stimulus
levels 1f our equipment were capable of Producing such intense stimili (in
excess of 120 dB SPL). The very wide dynamic range - at the cochleap
nucleus was interpreted as resulting from a 'biassing' of the neurone'’
discharge by lateral inhibitory action of the bandstop masking noisee s
Thus at the level of the cochlear nucleus, neurones were founq which.

’

under conditions of bandstop noise masking, responded to signa] 3
al level

changes over an

—
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intensity range comparable with the dynamiec range for intensity
diserimination observed psychophysically. What is not at all clear
from these experiments 1s what aspect of the single cochlear fibre
discharge is encoding intensity changes over such a wide range and
is providing the input to the cochlear nucleus cells,

In only one cochlear nerve fibre was any indication found of a
wider dynamic range to the CF tone in bandstop noise than to the CF
tone alone, The vast majority of cochlear nerve fibres saturate at
the same iIntensity to a CF tone, whether or not a bandstop masking
noise 1s present. Thus the extensive dynamic ranges of large numbers
of cochlear nucleus cells under conditions of bandstop noise masking
are found despite saturation of the mean discharge rate of all but a
small proportlon of cochlear nerve fibres under the same conditions,

Although the masking experiments of Chapter Five used the same
stimulus duration as in the psychophysical experiments (i.e. 500 ms )
it was shown that the firing rate measured over the first 50 ms (or\
even 20 ms In some units) of the stimulus had similar wide dynamie
ranges,

The explanation of the sloping saturation presented in Chapter
Four was based on recordings from cochlear nucleus cells, It remains
to be determined whether the lack of cochlear fibres with dynamio
ranges of more than 60 dB in the data of Evans reflects either
differences in sampling or the use of a shorter stimlus (50 ms
compared with, for example, 400 ms of Sachs ang Abbas (1974)), r1f
sufficient numbers of sloping saturation fibres with dynamié.ranges
of 80 dB or more are found using short duration stimall, it 1s
possible that the cochlear nucleus cells with wide dynamic ranges apre
sensitive to the small differences in mean discharge rate which oceour
at high intensities in such cochlear nerve fibres, If, however, the

f£ipbres with sloping satupation and hence wide dynamic ranges are
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not found for short duration (50 ms) stimuli, then one must conelude
that in cochlear nerve fibres, undef conditions of bandstop masking,
intensity information at high stimilus levels is carried in some form
other than mean discharge rate,

Finally, therefore, in Chapter Five it was suggested that the
fine time structure of the cochlear fibres discharge might provide
an alternative means of encoding intensity over a wide dynamic range,
Phase-locking in primary fibres was not considered an adequate en-
coding mechanism since it is not obvious beyond frequencies of 5 kHz;
cochlear nucleus cells of CFs of up to 20 kHz have been studied which
had wide dynamic ranges under conditions of bandsto§ noise masking,
Changes in the distribution of interspike intervals was considered to
be a possible mechanism but no data are presently available under
bandstop noise masking conditions, A second possibility suggested
in Chapter Five was that the cochleapr nucleus cells might be able to
cross-correlate the discharge patterns from two or more Cochlear fibre
inputs. This suggestion could be tested by simultaneous recording
from two. cochlear fibres.

As was pointed out in thg introduction, the limited dynamic range
of single cochlear fibres poses a problem not only for the encoding
of intensity differences of a stimulus, but also for the representation
of 1ts ioudness.

The basis of all population models (such as those described in
section 1.7) is that the total activity of the cochlear nerve might
signal the ievel of a stimulus (whether in terms of the total discharge
or of the number of active fibres), Such a representation of intensity
implies that 1t should be_possiblé to grossly modify the Judgement
of the loudness of a simple tonal stimulus by using masking signals

which 1imit the recruitment of neural responses of fibres with CF
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above the stimulus frequency. This prediction is not, however,
supported by the masking data of Scharf (1964) or Hellman (1974):
loudness Judgements are hardly affected byvhigh frequency masking.
Thus the encoding of the intensity of a stimulus appears not to
require a spread of activity across frequency,

Since, at least in our data, the mean discharge rate of cochlear
fibres of common CF appears to be incapable of encoding high stimulus
intensities, the alternative codes hypothesised for intensity
differences may also apply to the representation of absolute intensity

at high stimilus levels,
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6.2 Implications of the Present Work for the Place Coding of Frequency Inform-
HLSNey ‘niorm-

ation
Although the experiments reported in this dissertation were

directed specifically at the problem of how fine intensity dis-
crimination is maintained at high intensities, they also have direct
relevance for the place coding of frequency information and hence for the main-
tenance

of frequency resolving ability at high intensities,

At low stimulus levels, differences in the discharge of neurones
across the frequency continuum rrovide sufficient basis for the
separation of the components of complex stimulis: 1t has been shown that
the effective bandwidth and frequency resolution of cochlear fibres
matches the analogous psychophysical measures, the critical band and
frequency resolution (Evans and Wilson, 1973). At high stimulus
levels, however, in response to complex stimﬁli the cochlear fibres
are saturated and small variations in energy across the frequency
spectrum cannot be signalled by differences in cochlear fibre mean
discharge rate. The following two sets of data from cochlear fibres
support this conclusion. Firstly, Kiang and Moxon (1972, 1974)
showed that at low stimulus levels, cochlear fibres responded io
complex waveforms such as speech in g way predictable from the fre-
quency selectivity indicated by their FIC, However, at higher levels
(40 - 60 dB above threshold) fibres of very different CFs display
similar resﬁonses to complex‘waveform8= responses which appear to be determined
by the amplitude fluctuations rather than the frequency content of
the waveform, Thus for speech signals 40 - 60 dB above threshold,
the abllity of single fibres. to selectively signal different frequency
components 1s much reduced. Secondly, Evans (1977) measured the
abllity of cochlear fibres to resolve the frequenéy components of

comb~filtered noise as a function of level, He found that no
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cochlear fibre was able to resolve the peaks in the comb-filtered

noise spectra at levels above those at which they were saturated (70
dB SPL).

Tﬁe limited dynamic range of cochlear fibres is therefore a
severe problem for the classical'place’ theories, which suggest
that the resolvable frequency components of a stimulus are sig~-
nalled in terms of the mean discharge rate of the neurones tuned to
those frequencles. If differences between the discharge of cochlear
fibres across the fibre array were the means by which components of
a complex sound are separated, subjects should be unable to resolve
frequency components at intensities above tﬁose at which the cochlear
fibres become saturated. Yet psychophysical measurements of the
ear's frequency selectivity are relatively unchanged up to 70 4B
above threshold and only show a small but significant deterioration
at higher levels (Zwicker and Feldtkeller, 1967; Scharf, 1970; Pick,
1977; Scharf and Melselman, 1977; Wilson and Seelman, unpublished
experiments).

It wouid appear that since relatively fine frequency selectivity
is maintained at intensities beyond those at which cochlear fibres
are saturated, the information necessary for the separation of com-
ponents of a complex sound is carried in the cochlear nerve in some
form other than mean discharge rate. Some recent experiments of
Evans (1977) support this suggestion. Evans measured the tuning
properties éf cochlear fibres as a function of stimulus level using
a reverse correlation technique and demonstrated that the filter
characteristics so obtained, remained unchanged up to levelg of
70 dB SPL, but deteriorated slightly at higher leveis. The cochleapr
fibres were able to transmit the cochlear filtering properties in
the time structure of their discharge patterns at stimulus levels

well above these producing saturation of the mean discharge rate,
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The reverse correlation technique depends upon phase locking of the
discharge to the stimulus waveform and hence can only be used for
fibres of CFs of 5 kHz and below, It is no£ obvious what aspect of
the fine time structure could be signalling the frequency selective
properties at higher frequencies. It is, however, evident from
further experiments of Evans (1977) that, over a very wide range of
intensities, information regardingufrequenoy selectivity is certainly
reaching the cochlear nucleus even at frequencies in excess of 5 kHz,
The finding of the present study: that cochlear nucleus cells had a
wider dynamic range than cochlear fibres under conditions of bandstop
noise masking, prompted Evans to compare the ability of cochlear fibres
and cochlear nucleus cells to resolve frequency components of comb-
filtered noise, He measured the threshold of a 100 ms CF tone in the
presence of comb~filtered noise with progressively finer peak spacings
and - found that DCN cells, which had extensive inhibitory side bands,
were capable of resolving comb-filtered noige over a very wide range
of noise levels. The frequency selectivity of the DCN cells showed
no obvious deterioration up to 70 dB SPL; thereafter a progressive
deterioration took place but relatively fine frequency selectivity
was still evident at noise levels of 105 or even 115 dB SPL. 1In
contrast no cochlear fibre in the same animal was able to resolve
the comb~filtered noise spectra at levels above 70 dB SPL.

It was concluded in the bandstop noise masking experiments, that
the unit's discharge was blassed by the shoulders of the noise pro-
ducing lateral inhibitory effects (see Chapter Five), Similarly in
the case of the comb-filtered noise peaks of the noise falling in
the inhibitory side bands of the DCN unit could be biassing the cells'
discharge below saturation

It would appear, subject to the Qualifications outlined in Section
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6.1, that information pertaining to intensity, intensity discrimination,
and frequency selectivity at high intensities may be transmitted by
cochlear fibres in some form other than large changes in their mean
discharge rate. In section 5.4.2 alternative codes were discussed
in detail. These alternatives may be Summarised as 1) not all
cochlear fibres are completely saturated under the bandstop noise
masking conditions and 2) the fine time structure of the discharge
may convey intensity inférmation.

As far as the first alternative is concerned, few fibres in our
material had dynamic ranges in excess of 60 dB, Furthermore pre-
liminary experiments of Dr. E. F. Evans did not find any evidence to
support the suggestion that release from saturation mighﬁ result
from two-tone suppression (see section 5.4.2), Of the most obvious
time codes, phase-locking and information:carried in the distribution
of interspilke intervals seem unlikely candidates since this information

is only evident up to about 5 kHz,
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6.3 Some Unanswered Questions Arising from the Present Work

1. Although, from our experiments, it seems unlikely that a high
threshold population of units has been overlooked, the data of

Kiang et al. (1976) and Liberman (1977) ailscussed above, suggest

that hitherto undetected high threshold neurcnes go exist in the
cochlear nerve. Kiang et al. (1976) used 'moderate intensity' clicks
as search stimull and concluded that the high threshold neurones

were due to cochlear pathology caused by environmental noise, ILiberman
(1977), however, found similar high thresholds even when cats were
raise& in soundproof enclosures. The full evaluation of Liberman's
data awalts their publication in a complete form, but taken at face
value they indicate a wide range of thresholds in a single animal
which is contrary to the findings of the present study and to those
of earlier studles (e.g. Kiang, 1968). Evans (1972) d1d in fact fing
nine fibres with thresholds sbove 70 dB SPL in otherwise normal
guinea-pig cochleae., He later suggested (Evans, 1975b) that these
could relate to sporadic hair cell loss which oceurs in normal guinea-
pigs. The possibility remains, however, that these high threshold
fibres had CFs above the high frequency 1imit (%0 XHz) of Evans's
sound system as suggested by Evans (1972). Excluding-these nine
fibres, Evans (1972) concluded that, in optimal preparations, the
range of minimum thresholds at a common CF is less than 20 dB.
Liberman's study differed from the present study apparently only in
his use of direct electrical stimulation to locate the neurones, Thus
in order to resolve this discrepancy it would be necessary to measure
the thresholds of large numbers of neurones from a single ear using
electrical search stimuli,

2. It is clear, both from the present study and from a study of the

literature, that cochlear fibres exist which have wide dynamlic ranges



- 282a -
as a result of rate versus intensity functions of the 8loping satura-
tion type: as the stimulus intensity is increased the fibre's dis-
charge increases rapidly over 20 - 20 4B and then more slowly over
as much as another 50 dB or so (e.g, Sachs and Abbas, 1974). Tt is
not known whether the discharge over the whole duration of a stimulus
continues to increase with intensity over approximately 80 dB or
whether (as was shown to be the case for some cochlear nucleus
neurones in chapter four) the sloping saturation reflects the con-

tribution to the total firing rate, of the firing rate some hundreds
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of milliseconds éfter the stimulus onset, Therefore, a study of the
rate versus intensity function of cochlear fibres ag a function of
stimulus duration is required. Even if such a Study revealed that
the firing rate at the onset also had a wide dynamic range, it would
be necessary to determine whether fibres with wide dynamie ranges
occur in sufficient numbers over the whole frequency range to account
for a) the psychophysical dynamie range, or, b) the very wide dynamie
ranges found in the cochlear nucleus under bandstop noise masking
conditions.

3. Throughout the bandstop noise masking experiments {both psycho-
physical and physiological) it has been assumed that fibres with Crs
falling in the pass band of the noise are saturateqd by the masking
noise and are therefore unable to signal energy changes of the tone
in the stop band by changes in discharge rate, It ig possible that
this assumption 1s not justifiable and that the masking noise does
not in fact cause complete saturation of the fibre's surrounding

the stimulus frequency. In which case spread of excitation coula
still provide a means of intensity discrimination even in bandstop
noise masking. Evans (unpublished experiments) has demonstrated
that two tone suppressive effects are strong eﬁough to release a
fibre from saturation under certain restricted conditions, and the
possibility cannot be ruled out that such mechanisms could release
fibres from saturation under conditions of bandstop noise stimulation,
These possibilities may be tested directly by using a bandstop
ﬁasker and tone which are not centred at the neurone's CF, Ideally
one should use Just one setting of the bandstop noise and tone, and
measure the responses of fibres with different CFs. In practice it
is easier to move the masker stop band and tone frequency relative

to the response area of a single neurone. Thus the responses of
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fibres with CFs 1n the noise pass band can be measured at any
desired frequency separation from the CF. Pilot experiments of

Dr. E. F. Evans on cochlear fibres suggested that both of the above
possibilities are unlikely. The frequency 'steps' by which the
masker stop band could be shifted were, hoﬁever, not sufficiently
small (due to equipment limitations) to be able to completely eliﬁi—
nate the possibility that suppressi;e effects of the masker might
release fibres from saturation. Further experiments using a filter
with finer frequency resolution are therefore required,

4, From experiments in which the width of the masker stop band was
progressively widened, it was concluded that the wide dynamic range
of some cochlear nucleus neurones (under conditions of bandstop noise
masking) resulted from lateral inhibitory effects of the masker. In
some neﬁrones the extent of the lateral inhibition due to the masker
was in qualitative agreement with the inhibitory sidebands shown by
presentation of single tones. In other neurones, however, the inhi-
bition due to the masker appeared to contain a component which is only
observed when more than one stimulus is presented similtaneously,

It was not possible to decide from our present data whether the
inhibition to more than one stimulus component, reflected two-tone
suppression in the cochlear nerve or two-tone inhibition in the
cochlear nucleus. A study of the region over which such inhibition
occurs might provide a means of distinguishing between these alter-
natives since there 1s some indicatlon in the present data that the
inhibition occurs over a wider frequencyrange at low intensities than
two-tone suppressive effec;s.

5. Finally, if a single low threshold population of neurones exists
and sloping saturation rate functions and suppressive effects in the

cochlear nerve do not sufficlently extend the range over which the
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mean discharge rate can encode intensity (see 1, 2 and 3 above),
then alternative 'codes' by which intensity is signalled under-conp
ditions of bandstop noise masking must be considered. The most
1ikely alternative to mean rate coding of intensity changes is some
form of fine time structure coding of intensity. Three alternatives
were discussed (see Sections 5.4.2 and 6.1): 1) phase locking; 11)
interspike intervals, and ; ii1) cross—coréelaéion between channeis,
pbut phase locking was rejected &ue to the limited frequency range
over which it occurs.

Perkel and Bullock (1968) discussed the viability of inter-
splike interval distributions As a means of encoding stimulus para-
meters. They gave several examples (none from the auditory system)
which indicated that the responses of some cells did depend on the‘
intervgls between spikes. They concluded, however, that although an
inter-spike interval code could be 'read' by some cells that there
was no indication of whether it was actually used., Measurement of
the distribution of interspike intervals as a function of intensity
would serve either to confirm or to eliminate interspike intervals
as possible means of encoding intensity,

(which has already been discussed in section 5.4.2, p. 264)

The third mechaniqu}nvolves a combination of two or more primary
inputs. Since many cochlear fibres innervate a single IHC it seems
reasonable to assume that their discharge patterns which depend upon
the same receptor potential will not be entirely independent. Thus
the excitatory input to the cochlear nucleus cells, which varies over
a wide dynamic range, might be achieved by some kind of cross-
correlation of several primary fibre inputs. The only way to test this
somewhat speculative suggestion 1s by simultaneous recording of the
discharge of primary fibres from the same receptor cell and measuring

the varlation of the cross-correlation function with intensity.
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The network for gating the spike counts consisted of six
Fleld Effect Transistors (FETs). The discriminated spikes were
fed into the first two FETs in parallel, The Q and Q outputs
of a bistable triggered on every stimulus presentation were used
to gate the first pair of FETs, thus feeding the spike signals
into the parallel output pairs of FETs on alternate stimulus
presentations. One of the output FETS was gated during the
first 20 ms of a stimulus and the other during the last 20 ms.
Thus spikes occurring at the onset and after 180 ms of an incre-
mented and non-incremented pedestal were accumulated by separate
counters (see Section 4.2),
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Appendix B

Flow dlagram of the computer program used to present tones
elther alone or in bandstop noise masker. The stimuli were
presented in a pseudorandom sequence and the discharge evoked
by each presentation was counted and displayed.
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Appendix C:  Comparison of Sharpness of Tuning of Single Units at

Different Levels of the Auditory System

Mfller (19720), in comparing the sharpness of tuning of single
units at different levels in the auditory system, computed the
bandwildths of the single unit frequency threshold curves (FTCs) at
10 dB above threshold both from his own data and from data rep;rted
in the literature. Instead of plotting all the individual points in
the form of a scattergram, he partitioned the data into half octave
groupings and plotted the mean value within each half octave against
CF (Fig. 78 ). From these mean values Mgller concluded that FTCs
of single units in the cochlear nucleus (of rat ang cat ~ solid eircles,
dotted lines and open squares, dot-dash lines (Fig. 78 ) respeotivaly)
and in the superior olive of the cat (solid triangles and continuous
lines, Fig. 78 ), are wider than those of the primary fibres in the
cat (solid squares and dashed lines, Fig, 78 ) by an almost constant
factor of two. However, this conclusion takeé no account of the
varlance of the individual data points about the mean value,

The cochlear nucleus data from the present study have been
treated in a similar manner and plotted along with their standard
devlation about the mean values in Fig, 78 (open oircles and continuous
lines for the mean values and horizontal bars for the standard
deviations). Merely considering the mean data, the present data
would appe;r to confirm Mgller's conelusion since the agreement of
the present cochlear nucleus data with that of Preiffep (1963) from
the cat (open squares) and with that of Mdller (1970 ) from the rat
(solia circles) 1s very good. However, if one considers the scatter
indicated by the standard deviation the cochlear nucleus data overlap

the cochlear nerve data to a large extent.



Figure 78

Bandwidth of tuning curves measured at 10 dB above the
threshold at CF plotted against CF. The data were divided

according to CF into half octave groups and the bandwidth of each
group was averaged.

Filled squares - cat cochlear nerve (Kiang et al., 1965a).

Open squares - cat cochlear nucleus (Pfeiffer, 1963).

Filled circles - rat cochlear nucleus (Mgller, 1970).

Filled triangles - cat superior olive (Tsuchitani and
Boudreau, 1967).

Open circles - cat cochlear nucleus data from the present
study.

The bars indicate the standard deviation of the individual
values about the mean.

(After Mdller, 1972 .)
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Furthermore, the nerve data in Fig.78 were deriveq from a plot
of 'Qlo'* against CF from Kiang et al., 1965a. These data mre shown
in Fig., 79, and also show great scatter, Thus, although when only
considering mean values, the eochlear neprve FIC bandwidths do.ggggeg to be
narrower than those of cochlear nucleus cells, there is & considerable
overlap of the bandwidths of the FICs of individual neurones found
at the two levels. The extent of this overlap is explored more fully
below.

In Fig. 79 the sharpness of the FICs of single cochlear nerve
fibres from the four anaesthetised cats of Kiang et al, (1965a) (f11leq
squares) are compared with similar data of Evans and Wilson (1§73)
(open circles), also from anaesthetiseq cats and with the present
cochlear nucléus data (filled circles), by plotting QlO versus CF,

The overlap of the cochlear fibre dat; of Kiang et al, (1965a) (fi11eq
squares) with the present cochlear nucleus data (filled circlés) is
quite eiear as 18 the difference in the mean sharpness of the tgo
populations. However, if one considers the data of Evans and Wilson
(open circles), a similar discrepancy is evident between their data
and that of Kiang et al. (1965a) both of which are from the cochlear
nerve. The 910 values for coohiear fibres measureq by Evans ang
Wilson are more similar to the values measured for cochlear nucleus
cells in the present study than to the values for cochlear fibres
measured by Kiang et al. (1965a).

The dashed lines show the fegression of Qlo onto the CF fop

the data of Evans and Wilson (large dashes) and for the cochlear

* The quantity 'Q’' is used as a measure of sharpness of tuning useq
in characterisation of filters and is defined as centre frequency
divided by the bandwidth at 3 dB below peak response. A similap
measure used for auditory FICs is the 'Q ', or the centre frequency
(in this case the characteristic frequen&?) divided by the bandwidth
at 10 dB above threshold. This measure is used in Preference to



Figure

Relative sharpness measured as QlO dB i.e. CF/bandwidth of
FIC at 10 dB above minimum threshold.” The symbols are as indicated
in the figure. The lines are regression lines through the three
sets of data calculated for all the data points to 10 kHz.



Figure 79
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nucleus data (small dashes). The two regression lines are almost
colncident, but no attempt.was made to assess the statistical
significance of the slight difference due to the complications
jntroduced by the much wider variance of the cochlear nucleus data.

A surprising finding was the very large discrepancy between the
two sets of cochlear nerve tuning characteristics, In the following
an attempt to reconcile these findings is made.

One possible source of this discrepancy was suggested by the
open stars on Fig. 79 which indlecate tuning data taken from a later
paper of Kiang et al. (1967). These 5 points represent the only
published tuning curves of kiang et al, which have been corrected for
the sound system. It can be seen that these 5 points agree very well
with the nerve data of Evans and Wilson and the present cochlear
nucleus data.

In the series of experiments in which the nerve data were
collected, Kiang used a condenser microphone, the frequency raspona;
of which began to fall off at about J klz. This would result in
uncorrected tuning curves appearing sharper than they actually are,
since on the high frequency slope the intensity of the signal would
have to be further increased to compensate for the falling response
of the sound system, thus glving a greater high frequency slope and
a sharper tuning curve.

Tt seemed likely therefore, that this correction might account
for a part of the discrepancy between the data of Kiang et al, (1965a)
and of Evans and wilson (1973). However, this hypothesis was tested |
py correcting a selection of éaw FICs from Kiang et al. {1965a) and
calculating the new Qlo‘ The new Qlo values were not very differgnt
m the original values, as can be seen in Fig. 79 . At low

fro
frequencles the corrected data (shown by the encircled stars, Fig.79 )
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agrees with the data of Evans and Wilson, but at high frequency

where the discrepancy between the data of Kiang et al. (1965a) and
that of Evans and Wilson is greatest, the correction for the éound'
system clearly cannot account for all of the discrepancy. Another
possible source of the discrepancy may be choice of animals. Through-
out my experiments and those of Evans (Evans, 1972; Evans and Wilson,
1973, Fig. 11) it has become evident that the FICs of individual
animals are sharper or broader than the average values, that is, a
single animal can yield a selection of very sharply tuned FICs and
another animal a selection of broad FICs. This variation appears to
pe natural and not linked to any pathology of the ear which as Evans
has shown (Evans, 1972) may well produce very broad high threshold
FTICs. It is possible then, that the four cats of Kiang et al. (1965a)
may represent a selection of sharply tuned cats which would account |
for the discrepancy in tuning characteristics between this data and
that of Evans and Wilson (1973).

If we now conslder the Sm#ll but possibly significant difference
in tuning between cochlear nerve data of Evans and Wilson (1973) and
the present cochlear nucleus data, it 1s not possible, in the light
of the large differences in tuning from animal to animal, to decilde
whether this represents a real difference in the tuning of nerve and
nucleus or 1is merely due to the limited sampling.

Sufficient FIC data were therefore obtainedfrom both cochlear nerve (by
Evans) and cochlear nucleus of a single ear in order to eliminate any
discfepancy due to inter-animal tuning differences. The data so
obtained are plotted in Fig.80 as Qlo dB versus CF. All the data
were obtained using an automatic frequency threshold curve tracing
method (see Section 2.8.3).

Visual examination of the raw data would suggest that there is



Figure 80

Relative sharpness of FICs at the cochlear nerve and cochlear
nucleus from a single ear, measured as

Q 0 dB i.e. CF/bandwidth of
FIC at 10 dB above minimum threshold. THS continuous line is the
best fit regression line for the nerve data.
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no significant difference between the two populations. If separate
regression lines are drawn through the cochlear nerve and nucleus
data using all of the data from 1.0 - 11 kHz (these 1imits were taken
since below 1.0 kHz Qlo differed 1little with CF and above 11.0 kHz
QlO appears to decline with increasing CF), there is little difference
between the two. However, due to the inciuaion of one unusually
sharp cochlear nucleus unit (Q10 = 11.761) statistical comparison is
agaln complicated by the wider scatter of.the cochlear nucleus data
reflected in a larger variance, Consequently the regression of Qlo
on CF for the cochlear nucleus points was recalculated excluding this
data point, When this 1s done the two regression lines of QlO on CF
overlie each other and the variances are very similar, enabling
statistical comparison of the two regression lines, The analysis
showed that the two regression lines were not significantly different
(p<L 0.01) and thefefore a single regression line would adequately
describe Eoth the nerve and the nucleus data,

In a single ear, therefore, using siwilar anaesthetic and FIC
determination techniques there is no significant difference in tuning
Setween cochlear nerve fibres and single neurones in the cochlear
nucleus. As Kiang wrote (1965b) ¢

'The lack of units with ex;eptionally broad tuning

ecurves anyvwhere in the cochlear nucleus suggests that

convergence of innervation from many auditory nerve

fibres does not take place in such a way as to provide

inputs from all parts of the cochlea to an individual

cell in the cochlear nucleus.'

This would perhaps have been better put as 'in such a way as to provide
excitatory inputs from all parts of the cochlea', but in general it
{s still a good summary of the situation.

Several authors have considered the relative sharpness of tuning

cetween dorsal and ventral divisions of the cochlear nucleus (Kiang
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et al., 1965b; Mast, 1970a;Goldberg and Brownell, 1973; Gisbergen
et al., 1975a)and have found no marked differences between them.
As has been suggested, however, one difference between nerve and
nucleus data is the increased scatter in the latter (e.g. Rose et al,,
1959; van Gisbergen, 1974). Similarly, when one compares DCN and
VCN tuning one finds a siﬁilar situation; the DCN data has greater
scatter than that from the VCN (Goldberg and Brownell, 1973; van
Gisbergen, 1974). The wider scatter of the Qlo values for DCN units
compared to VCN_units can be seen in Fig.81 in which the present
cochlear nucleus data are replotted using different symbols for DCN
and VCN. This leads one to suggest that it 1s the inclusion of the
DCN tuning data which results in the difference in scatter between
the nerve and nucleus tuning data.

That the dorsal units show wider scatter is perhaps not surprising
for two reasons. The first 1s that the DCN receives its predominant
gsensory input via internuncial neurones and the direct input from the
cochlear nerve must represent only a small proportion of the DCN
sensory input (Evans and Nelson, 1973b). The VCN receives its input
directly from the cochlear nerve and if is not surprising therefore
that single units in the VCN closely resemble cochlear fibres in their
response properties.

A sgcond reason why there 1s a greater variability in the sharp-
ness of tuning of DCN neurones is the presence in large proportions
of DCN units of response regions in which single tones inhibit spon-
taneous activity (Greenwood and Maruyama, 1965; Mast, 1970a;Evans
and Nelson, 1973a) In an attempt to determine whether this inhibition
produced a sharpening of the FICs of single cochlear nucleus units,
Mast (1970a)compared bandwidths of neurones which showed such inhibition

with those in which it was absent. The difference between the groups

was very small; neurones with inhibitory areas had bandwidths with a



Figure 81

Relative sharpness of the FICs of cochlear nucleus units
from VCN and DCN (symbols as indicated) measured as QlO dB
i.e. CF/bandwidth at 10 dB above minimum threshold.



Figure 8l
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median of 0.5 octaves and a range of 0.16 - 0.72 octaves, Those
withéut inhibitory areas had a median of 0.52 octaves and a range of
0.24 - 2.0 octaves. Such differences although quite small may well
pe enough to increase the scatter of the data points in the direction
of greater sharpness. Van Gisbergen (1974) also failed to find
systematic differences between cells showir‘lg excitatory responses
only and those of similar CF with inhibitory side bands., Van Gisbergen
(1974) did, however, find that the broadest FICs were also located in
 the DéN. This may be reconciled if one assumes that while some cells
recelve convergent inhibitory inputs (as evidenced by sideband inhibition)
other cells not showing sideband inhibition may receive convergent .

excitatory inputs,
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APPENDIX D

An Unsuccessful Attempt at Determining the Anatomical location of

Single Units

An attempt was made to determine the exact anatomical location
of units by using dye deposits. The dye filled electrodes used (see
Section 2.4.1?, vhen connected to a DC voltage, left a deposit of
blue dye when a current of 15/4 A was passed through them for 2 minutes
(Hel}on, 1971?. Injections of dye were routinely made at the end of
the electrode traék and at the site of any particularly interesting
single unit. However, no dye spots were found in the tissue when 1t
was sectioned. When dye spots were present, they were readily seen
as the block of tissue is sectioned; on only one occasion was such a
blue spot seen.

It is conceivable that in some experiments dye was successfully
deposited only to be washed out of the tissue before fixatlion, during
the course of prolonged recording.

In cases in which dye was presumed to have been deposited (by
passage of 15/A4A of current for 2 minutes) the electrode was removed
completely. This created considerable difficulty in some experiments
in locating the electrode track in the stained sections, when 1t was
discovered that the dye_deposit was not in fact present in the tissue,
As a safeguard, therefore, electrodes were snipped off and left in
situ until after fixation, thereby leaving a clear track in the cochlear
nucleus sections. However, leaving the electrode in position eliminated
any possibility of locating any dye deposits which might have been
present. |

Since no dye deposits were successfully recovered, and the dye

electrodes produced a low Yyield of single units and frequently became
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blocked during a penetration, the use of these electrodes was discon-
tinued in favour of electrodes filled with 4M sodium chloride.

Ihé sodium chlorlde electrodes were less susceptible to blockage,
gave greater signal to noise ratic and were simpler to produce.

When using sodium chloride electrodes the tapering portions (some 1 -
2 cm) were routinely left in situ during fixation.

”Several of the later experiments were investigations of cochlear
nerve and nucleus in the same animal (e.g. cat 450); these experiments
required a recording time of up to 48 hours. Even when dye deposits
are successfully produced they do not survive beyond 18 hours or so
(in auditory cortex: J. E. Jolley, personal commnication). Sodium
chloride electrodes were therefore used in any prolonged éxperiments.

Locations of units were determined histologically whenever
possible by reconétruction of the electrode track and use of both
micrometer depth readings and measurements of single unit CFs (see

Section 2.4.1).



- 301..

ADRIAN, E. D., ZOTTERMAN, Y.: The impulses produced by sensory nerve
endings. II The response of a single end organ. J. Physiol,
61, 151-171 (1926).

ALLANSON, J. T., NEWELL, A, F.: Subjective responses to tones modulated
simultaneously in both amplitude and frequency., J. Sound Vib,
3, (2), 135146 (1966).

ALLANSON, J. T., WHITFIELD, I. C.: The cochlear nucleus and its
relation to theories of hearing., In: Information theory 3rd
London Symposium. London: Butterworths 1955.

BAUCH, M.: Die Bedeutung der Frequenzgruppe flr die Lautheit von
Klangen. Acoustica 6, 40-45 (1956).

BEAGLEY, H. A.: Acoustic trauma in guinea pigs. I Electrophysiology
and histolozy. Acta Otolaryngol. €0, 437-451 (1965).

BEHAR, I., CRONHOLM, J. N., IOEB, M.: Auditory sensitivity of the
rhesus monkey. J. of Comparitive and Physiologlical Psychology.
59, 3, 426-428 (1995).

von BEKESY, G.: Zur Theorie des Hirens: Uber die Bestimmung des
einem reinen Tonempfinden entsprechenden Erregungsgeblete der
Basilarmembran vermittelst Ermlldungserscheinungen. Physik. 2,
30, 115-125 (1929).

von BEKESY, G.: Zur Physik des Mittelohres und llver das Hiren bei
fehlerhaftem Trommelfell. Akust. 2, 1, 13-23 (1936a).

von BEKESY, G.: Uver die H8rschwelle und Fllhlgrenze langsamer sinus-
f8rmiger Luftdruckschwanken. Ann. Physik 26, 544-566 (1936b),

von BEKESY, G.: Yiber die Messung der Schwingungsamplitude der
Gehdrkndchelchen mittels enler Kapazitiven Sonde. Akust. Zeits,
6, 1-16 (1941).

BORG, E.: A quantitative study of the effect of the acoustic stapedius
reflex on sound transmission through the middle ear of man., Acta
Otolaryng. 66, 461 (1968).

BORG, E.: Acoustic middle ear reflexes: A sensory-control system. Acta
Otolaryngologica Suppl. 304 (1972).

BORG,. E.: On the neuronal organization of the acoustic middle ear
reflex. A physiological and and anatomical study. Brain Res,
49, 101-123 (1973).

BORG, E., ZAKRISSON, J.-E: ST reflex and speech features. J. acoust.
Soc. Amer. Sk, 525-527 (1973).

RORNSCHEIN, H., KREJCI, F.: Bioelektrische Funktionsanalyse der
Intrasuralmuskulatur, Monatschr. Ohrenheilk. 86, 221 (1952).



- 302 -

BOS, C. E., de BOER, E.: Masking and discrimination. J. acoust. Soc.
Amer. 39, T08-715 (1966).

BRAWER, J. R., MOREST, D, K.: Relations between auditory nerve endings
and cell types 1in the cat's anteroventral cochlear nucleus seen
with the golgl method and nomarski opties., J. Comp. Neur. 160,
491-506 (1975).

BRAWER, J. R., MOREST, D. K., KANE, E.: The neuronal architecture
of the cochlear nucleus of the cat. J. Comp. Neurol. 155, 251-300
(1974).

CAJAL, S. R.y.: Histologie due systeme nerveux de 1'homme et des
vertebres. Vol. 1. Paris: Maloine 774795 (1909).

CAMPBELL, R. A., LASKY, E,: Masker level and sinusoidal signal
detection. J. acoust. Soc. Amer., 42, 972-976 (1967).

CHURCHER, B. G.: A loudness scale for industirial noise measurements,
J. acoust. Soc. Amer. 6, 216-226 (1935).

CHURCHER, B. G., KING, A. J.: The performance of noise meters in terms
of the primary standard. J. Inst. Elect. Engr. 81, 927 (1937).

CHURCHER, B. G., KING, A. J., DAVIES, H.: The minimum perceivable
change of intensity of a pure tone. Phil., Mag. 18, 927-939
(1934).

CLOPTON, B. M.: Detection of increments in noise by monkeys. J. Exp,
Anal. Behaviour. 17, 473-481 (1972).

COHEN, E. S., BRAWER, J. R., MOREST, D. K.: Projections of the cochlea
to the dorsal cochlear nucleus in the cgt. Exp. Neurol. 35,
470-479 (1972).

CcOMIS, S. D.: Centrifugal inhibitory process affecting neurones in
the cat cochlear nucleus. J. Physiol. (Lond.) 210, 751-760
(2970).

COMIS, S. D., WHITFIELD, I. C.: Influence of centrifugal pathways on
unit activity in the cochlear nucleus. J. Neurophysiol. 31,
62-68 (1968).

DALLOS, P.: Cochlear potentlals and cochlear mechanics. In: Basle
mechanisms in heafiﬁé, p..335. New York, london: Academic Press
(1973)- » | .

DALLOS, P., WANG,.C-Y.: Bioelectric correlates bf karamyein intoxication,
audlology 13, 277-289 (1974). |

DAVIS, H., DEATHERAGE, B. H., ROSENBLUT, B., FERNANDEZ, C., KIMURA, R.,
SMITH, C. A.: Modifications of cochlear potentials produced by
streptomyein poisoning and by venous obstruction. Laryngoscope
€8, 596-627 (1958).



- 303 -

DESMEDT, J. E.: Physiological studies of the efferent recurrent
auditory system. In: Handbook of sensory physiology, pp.
219-246. (1970).

DJUPESLAND, G.: Contractions of the tympanic muscles in man, Oslo:
Universitetsforlaget (1967).

DOELLING, N., KRYTER, K. D.: Characteristics of noise produced by
several contemporary army weapons., Bolt Beranek Newman Inec,
Tech. Rep. No. 630 (1959).

DWORKIN, S.: Pitch and intensity discrimination by cats. Amer. J.
Physiol. 112, 1, 1-4 (1935).

EGGERMONT, J. J., ODENTAL, D. W.: Electrophysiological investigation
of the human cochlea. Audiology 13, 1-22 (1974).

EKMAN, G. E., BERGLUND, G., BERGLUND, V.: Loudness as a function of
the duration of auditory stimulation. Scand. J. Physiol. 7,
203-208 (1966). ‘

ELIASSON, S., GISSELSSON, I.: Electromyographic studies of the'middle
ear muscles of the cat, Electroenceph. Clin. Neurophysiol. T,
399 (1955).

ELLIOTT, L. L.: Changes in simultaneous masked threshold of brief
tones. J. acoust. Soc. Amer. 38, 738-T46 (1965).

ENGSTROM, H., ADES, H. W., ANDERSSON, A.: Structural pattern of the
Organ of Cortl. Stockholm: Almqvist and Wiksell (1966).

EVANS, E. F.: The frequency response and other properties of single
fibres in the gulnea pig cochlear nerve, J. Physiol. (Lond.)
226, 263-287 (1972). )

EVANS, E. F.: Auditory frequency selectivity and the cochlear nerve,
In: Psychophysical models and physlological facts in hearing.
Berlin, Heidelberg, New York: Springer (1974).

EVANS, E. F.: The cochlear nerve and cochlear nucleus. In: Handbook
of sensory physiology, Vol. V, pt. 2, auditory system, pp. 1-108.
Berlin, Heidelberg, New York; Springer (1975a).

EVANS, E. F.: Normal and abnormal functioning of the cochlear nerve.
Symp. Zool. Soc. Lond. 37, 133-165 (1975b).

EVANS, E. F.: Frequency selectivity at high signal levels of single
units in cochlear nerve and nucleus. In: Psychophysics and
physiology of hearing. London: Academic Press (1977).

EVANS, E. F., HARRISON, R. V.: Correlation between cochlear outer
hair cell damage and deterioration of cochlear nerve firing pro-
perties in the guinea pig. J. Physiol. (Lond.) 256, 43-44 (1975).



- 304 -

EVANS, E. F., NELSON, P. G.: The responses of single neurones in the
cochlear nucleus of the cat as a function of their location and
anaesthetic state. Exp. Brain Res. 17, 402-427 (1973a).

EVANS, E. F., NELSON, P. G.: On the functional relationship between
the dorsal and ventral division of the cochlear nucleus of the
cat. Exp. Brain Res. 17, 428-442 (1973b).

EVANS, E. F., ROSENBERG, J., WILSON, J. P.: The effective bandwidth
of cochlear nerve fibres. J. Physiol, (Lond.) 207, 62-63 (1970).

EVANS, E. F., WILSON, J. P.: The frequency selectivity of the cochlea.
In: Basic mechanisms in hearing, p. 941. New York, London:
Academic Press (1973).

EVANS, E. F., WILSON, J. P.: Cochlear tuning properties: concurrent
basilar membrane and single nerve fibre measurements. Scilence
190, 1218-1221 (1975).

FERNANDEZ, C., KARAPAS, F.: The course and termination of the striae
of Monakow and Held in the cat. J. Comp. Neurol. 131, 371-386
(1967).

FETH, L. L.: Combinations of amplitude and frequency differences in
auditory discrimination. Acoustica 26, 67-77 (1972).

FEX, J.: Augmentation of cochlear microphonics by stimulation of
efferent fibres to the cochlea. Acta Oto-Laryngol. 50, 540-541
(1959).

FEX, J.¢ Auditory activity in centrifugal and centripetal cochlear
fibres in the cat. Acta Physiol. Scand. 55, Suppl. 189, 5-68
(1962).

FLANAGAN, J. L.: Speech analysis, synthesis and perception. New York:
Academic Press (1965).

FLETCHER, H.: Auditory patterns. Rev. Mod. Phys. 12, 47-65 (1940).

FLETCHER, H.: Speech and hearing in communication, pp. 461. Princeton,
New Jersey: van Nostrand Co. (1953).

FLETCHER, H., MUNSON, W. A.: Loudness, its definition, measurement and
calculation. J. acoust. Soc. Amer. 5, 82-108 (1933).

FLETCHER, J. C., RIOPELLE, A. J.: Protective effect of the acoustic
reflex for impulsive noise, J. acoust. Soc. Amer. 32, 401 (1960).

FUORTES, M. G. F., HODCKIN, A. L.: Changes in time scale and sensitivity
4{n the ommatidia of limulus. J. Physiol., (Lond.) 172, 239-263

(1964).



- 305_

FUSE, G.: Das Ganglian ventrale und das Tuberculum acusticum bein
einegen SHuglingen und beim Menschen. Arb. Hirnanat., Inst.
Zurich. 7, 1-210 (1913).

GACEK, R. R., RASMUSSEN, G. L.: Fibre analysis of the statoacoustic
nerve of guinea pig, cat and monkey. Anat. Record 139, 455-463
(1961).

GALAMBOS, R.: Inhibition of activity in single auditory nerve fibres
by acoustic stimulation. J. Neurophysiol. 7, 287-303 (1944).

GALAMBOS, R.: Suppression of auditory nerve activity by stimulation
of efferent fibres to the cochlea. J. Neurophysiol. 19, 424-437
(1956). |

GALAMBOS, R., DAVIS, H.: Responses of single auditory nerve fibres to
acoustic stimulation. J. Neurophysiol. 6, 39-57 (1943).

GALAMBOS, R., DAVIS, H.: Actlon potentials from single auditory
nerve fibres? Science 108, 513 (1948).

GALAMBOS, R., RUPERT, A.: Action of middle ear muscles in normal cats.
J. acoust. Soc. Amer. 31, 349 (1959).

GARNER, W. R.: The loudness and loudness matching of short tones., J.
acoust. Soc. Amer. 21, 398-403 (1949).

GEIGER, P. H., FIRESTONE, F. A.: The estimation of fractional loudness.
J. acoust. Soc. Amer. 5, 25-30 (1933).

GEISLER, C. D., RHODE, W. S., KENNEDY, D. T.: Responses to tonal
stimuli of single auditory nerve fibres and their relationship
to basilar membrane motion in the squirrel monkey. J. Neurophysiol.
37, 6, 1156-1172 (1974).

GERSTEIN, G. L., BUTLER, R. A., ERULKAR, S. D.: Excitation and inhibition
in cochlear nucleus I Tone burst stimulation., J. Neurophysiol.

31, 526-536 (1968).

van GISBERGEN, J. A. M.: Characterizatlon of responses to tone and
noise stimuli of neurones in the cat's cochlear nucleil. Doctoral
dissertation, University, Nijmegen. (1974).

van GISBERGEN, J. A. M., GRASHUIS, J. L., JOHANNESMA, P. I. M., VENDRIK,
A. J. M.: Spectral and temporal characteristics of activation
and suppression of units in the cochlear nuclei of the anaesthetised
cat. Exp. Brain Res. 23, 367-386 (1975a).

van GISBERGEN, J. A. M., GRASHUIS, J. L., JOHANNESMA, P. I. M., VENDRIK,
A. J. M.: Neurones in the cochlear nucleus investigated with tone
and noise stimuli, Exp. Brain Res. 23, 387-406 (1975b).



- 306 -

van GISBERGEN, J. A. M., GRASHUIS, J. L., JOHANNESMA, P. I. M., VENDRIK,
B, J. M.: Statistical analysis and interpretation of the initial
response of cochlear nucleus neurones to tone bursts. Exp. Brain

‘Res. 23, 407-424 (1975¢).

COLIBERG, J. M., GREENWOOD, D, D.: Response of neurones of the dorsal
and posteroventral cochlear nuclel of the cat to acoustic
stimulation of long duration., J. Neurophysiol. 29, 72-93 (1966),

GOLIBERG, J. M., BROWNELL, W. E.: Discharge characteristics of neurones
in anteroventral and dorsal cochlear nucleil of the cat, Brain
Research 64, 35-54 (1973).

GREEN, D. M,: Masking with continuous and pulsed sinusoids., J. acoust.
Soc. Amer. 46, 939-946 (1969).

GREEN, D. M., SWETS, J.A.: Signal dectection theory and psychophysics.
New York: John Wiley (1966).

GREENWOOD, D. D,: Critical bandwidth and the frequency co-ordinates
of the basilar membrane. J. acoust. Soc. Amer. 33, 1344-56 (1961).

GREENWOOD, D. D., GOLDBERG, J. M.: Response of neurones in the cochlear
nucleii to variations in noise bandwidth and to tone-noise com-
binations. J. acoust. Soc. Amer., 47, 1022-1040 (1970).

GREENWOOD, D. D., MARUYAMA, N.: Excitatory and inhibitory response
areas of auditory neurones in the cochlear nucleus. J, Neurophysiol.
28, 5, 863-892 (1965). .

GRUBEL, G., DUNKER, D., REHREN, D. V,: Zur Functionsweise des Efferenten
auditorischen Systems, I Mittellung. Pflllgers Arch, ges. Physiol,
281, 109 (1964).

GUINAN, J. J., PEAKE, W. T.: Mlddle ear characteristics of anaesthetised
cats. J. acoust. Soc. Amer. 41, 5, 1237-62 (1967).

HALL, J. G., RONNING-ARNESEN, R.: An electromicrosocopical analysis of the
square areas and diameters of the cochlear nerve fibres in cats.
Acta Oto-laryngol. 77, 5, 305310 (19 ).

HALLPIKE, C. S.: On the function of the tympanic muscles. J. Lar.
otol. 50, 362-369 (1935).

HAM, L. B., PARKINSON, J. S.: Loudness and intensity relations. J. acoust,
Soc. Amer. 3, 511-534 (1932).

HARRIS, J. D.: Loudness discrimination. J. Speech Hear. Disord. Mon.
Suppl. II, 1-63 (1963).

HASSAN, E., BOERGER, G.: Differential sensitivity and poststimulatory
sensitivity in cat primary auditory fibres In: The Eighth International
Congress on Acoustics, London,: Contributed Papers Vol, 1, p.‘181.

Goldcrest Press: Troworidge, Wilts. (1974).



- 307 =~

HARRISON, J. M., IRVING, R.: The anterior ventral cochlear nucleus.
-J. Comp., Neurol., 124, 15-42 (1965).

HARRISON, J. M., IRVING, R.: Ascending connections of the antero-
ventfal cochlear nacleus in the rat. J. Comp. Neurol. 126,
51-64 (1966a).

HARRISON, J. M., IRVING, R.: The organization of the posteroventral
cochlear nucleus in the rat. J, Comp. Neurol. 126, 391-402
(1966b).

HARRISON, J. M., WARR, W. B.: A study of the cochlear nucleil of
ascending auditory pathways of the medulla., J, Comp., Neurol,
119, 41-379 (1962).

HAWKINS, J. E. Jr., STEVENS, S. S.: The masking of . pure tones and of

| speech by white noise, J. acoust. Soc. Amer. 22, 6-13 (1950).

HELD, H.: Die centrale Geh8fleitung. Arch. Anat. Physiol. Anat. Abt.
201-248 (1893).

HELLON, R. F.: The merking of electrode tip positions in nervous .
tissue. J. Physiol. (Lond.) 214, 12 (1971).

HELMHOLZ, H.: On the sensation of tone as a physiological basis for
the theory of music. New York: Dover Publications (1954).
Translated from the 4th German edition (1877).

HENSEN, V.: Beobachten llber die THtigkeit des Trommelfellspanners bei
Hund und Katze. Arch. Anat. Physiol. 2, 312 (1878).

HILALI, S., WHITFIELD, I. C.: Responses of the trapezoid body to
acoustic stimulation with pure tones. J. Physiol.(Lond.) 122,
158-171 (1953). '

HILDING, D. A.: The intratympanic muscle reflex as a protective
mechanism against loud impulsive noise, Ann. Otol. Rhinol. Lar.
69, 51-60 (1960).

HIND, J. E.: Physiological correlates of auditory stimulus periodicity.
Audiol. 11, 42-57 (1972).

JACOBS, D. W., TAVOLGA, W. N,: Anoustic limens in goldfish. Animal
Behaviour 15, 324-335 (1967).

JEFFRESS, L. A.: Stimulus oriented approach to detection, J. acoust.

- Soc. Amer. 36, T66-TT4 (1964).

JEPSON, O.: The threshold of the reflexes of the intratympanic muscles
in the normal material examined by the impedance method. Acta
Oto-laryngol. 39, 406-408 (1951).



- 308-

JEPSON, O.: Studies on the acoustiec stapedius reflex in man. Measure-
ments of the acoustic impedance of the tympanic membrane in
normal individuals and in patients with peripheral facial palsy.
Thesis, Universitetsforlaget, Aarhus (1955).

JESTEADT, W., WIER, C. C., GREEN, D. M.: Intensity discrimination as
a function of frequency and sensation level. J. acoust, Soc.

Amer. 61, 169-177 (1977).

JOHNSTONE, B. M., BOYLE, A. J. F.: Basilar membrane vibration examined
with the M8ssbauer technique. Science, 158, 389-390 (1967).

JOHNSTONE, B. M., SELLICK, P. M.: The peripheral auditory apparatus.
Quart. Rev. Biophys. 5, 1-58 (1972).

KANE, E. C.: Synaptic organization in the dorsal cochlear nucleus of
the cat: a light and electron microscope study. J. Comp.

Neurol. 155, 301-330 (1974).

KATO, T.: Physiologie der Binnenmuskeln des Ohres. Pflueger Arch.
Ges. Physiol. 150, 569 (1913).

KATSUKI, Y., SUGA, N., KANNO, Y.: Neural mechanisms of the peripheral
and central auditory system in monkeys. J. acoust., Soc. Amer,
34, 1306-1410 (1962).

KATSUKI, Y., SUMI, T., UCHIYAMA, H., WATENABE, T.: Electric responses
of auditory neurones in cat to sound stimulation, J. Neurophysiol.
21, 569-588 (1958).

KIANG, N. Y.-s: A survey of recent developments in the study of auditory
physiology. Ann, Otol. (St. Louis) 77, 656-676 (1968).

KIANG, N. Y.-s, LIEERMAN, M. C., LAVINE, R. A.: Auditory nerve
activity in cats exposed to ototoxlc drugs and high-intensity sounds,
Ann. Oto. Rhino. Laryngol 85, 6, 1, 752-768 (1976).

KIANG, N. Y.-s, MOREST, D. K., GODFREY, D. A., GUINAN, J. J. Jr., KANE,
E. C.: Stimulus coding at caudal leveis of the cat's auditory
system. I Response characteristics of single units. In: Basic
mechanisms in hearing, pp. 455-475. New York: Academic Press
(1973). '

KIANG, N. Y.-s, MOXON, E. C.: Physiological considerations in artificial
stimulation of the inner ear. Ann. Otol. Rhinol. Laryngol. 81,
T14-730 (1972).

KIANG, N. Y.-s,VMOXON, E. C.: Tails of tuning curves of auditory nerve
fibres. J. acoust. Soc. Amer, 55, 3, 620-630 (1974).



- 309 -

KIANG, N. Y.-s, MOXON, E. C., LEVINE, R. A.: Auditory nerve activity
in cats with normal and abnormal cochleas, In: Sensorineural
hearing loss, pp. 241-268. London:Churchill (1970).

KIANG, N. Y.-s, PFEIFFER, R. R., WARR, W. B., BACKUS, A. S. N,:
Stimilus coding in the cochlear nucleus. Ann. Oto. Rhinol.
Laryngol. T4, 2, 463-486 (196Bb).

KIANG, N. Y.-s, SACHS, M. B.,, PEAKE, W, T.: The shapes of tuning
curves for single auditory nerve fibres. J. acoust. Soc. Amer,
42, 1341-1342 (1967).

KIANG, N. Y.-s, WATANABE, T., THOMAS, E. C., CLARK, L. F.: Discharge
patterns of single fibres in the cat's auditory nerve. Research
Monograph 35. Cambridge Mass.: M.I.T. Press (1965a).

KINGSBURY, B. A.: A direct comparison of the loudness of pure tones.,
Phys. Rev. 21, 84 (1927).

KLINKE, R., BOERGER, G., GRUBER, J.: The alteration of afferent, tone
evoked activity of neurones of the cochlear nucleus, following
acoustic stimulation of the contralateral ear, J. acoust. Soc.
Amer. 45, 788-789 (1969).

KLINKE, R., CALLEY, N.: Efferent innervation of vestibular and
suditory receptors. Phys. Rev. 54, 316-257 (1974).

KLOCKHOFF, I.: Middle ear muscle reflexes in man. Acta Otolaryng,

. (Stockh.) Suppl., 164 (1961).

KNUDSEN, V. O.: The sensibility of the ear to small differences in
{intensity and frequency. Phys. Rev. 21, 84-103 (1923).

KOBRAK, H.: Zur Physiologie der Binnenmuskeln des Ohres. Passow-
Schaefer's Beitr. zur Anat. Physiol. des Ohres 28, 138-160
(1930).

LENN, N. J., REESE, T. S.:The fine structure of the nerve endings in
the nucleus of the trapezoid body and the ventral cochlear

nucleus. Amer. J. Anat. 118, 375-390 (1966).

LIEBERMAN, M. C.: Classification of auditory nerve units according
to spontaneous discharge rate., J. acoust. Soc. Amer. Suppl. 1, 61,
Abstract N6 (1977).

10EB, M.: Psychophysical correlates of intratympanic reflex action.
Psychol. Bull, 61, 140 (1964).

LORENTE DE NO, R.: Anatomy of the eighth nerve. The central projection
of the nerve endings of the internal ear, Laryngoscope (St.
Louis) 43, 1-38 (1933a). .



- 310 -

LORENTE DE NO, R.: Anatomy of the eighth nerve III General plan of
the structure of the primary cochlear nucleii. Laryngoscope
(St. Louis) 43, 327-350 (1933b).

LORENTE DE NO, R.: The function of the central acoustic nuclei
examined by means of the acoustic reflexes. Laryngoscope, 45
573 (1935).

LUSCHER, E.: Die Funktion des Musculus stapedius beim Menschen.

Hals Nas Ohrenkheilk, 23, 105 (1929).

MANGOLD, E.: Das Hussere und mitlere Ohr und Ihre physiologischen
Funktionen, In: Handbuch der normalen und pathologischen
Physiologie, 11, Receptionsergane I, pp. 421-431, (1926).

MAST, T. E.: Study of single units of the cochlear nucleus of the
chinchilla. J. acoust. Soc. Amer. 48, 2, 505-512 (1970a).

MAST, T. E.: Binaural interaction and contralateral inhibition in
dorsal cochlear nucleus of chinchilla, J. Neurophysiol. 33, 108-
115 (1970b).

MASTERTON, B., HEFFNER, H., RAVIZZA, R.: The evolution of human
hearing. J. acoust. Soc. Amer. 45, 4, 966-985 (1969).

METZ, O.: Studies on the contraction of the tympanic muscles as
indicated by changes in the impedance of the ear. Acta. Oto-
Lar. 39, 397-405 (1951).

METZ, O.: Threshold of reflex contractions of muscles of the middle
ear and recruitment of loudness. A.M.A. Arch. Oto-laryng. 55,
536 (1952).

MILIER, G. A.: Sensitivity to changes in the intensity of white noise
and its relation to masking and loudness. J. acoust. Soc. Amer,
19, 4, 609-619 (1947).

MILLER, G. A.: The perception of short bursts of noise. J. acoust.
Soc. Amer. 20, 160-170 (1943).

MILIER, J. D.: Audipility, curve of the chinchilla., J. acoust. Soc.
Amer. 48, 512-%523 (1970).

MILIER, J. D., WATSON, C. S., COVELL, W. P.: Deafening effects of noise
on the cat. Acta Oto-laryngologica. Suppl.l176, 1-91 (1963).

MJLLER, A. R.: Intra-aural muscle contraction in man, examined by
measuring the acoustic impedance of the ear. Laryngoscope 68,
47-62 (1958).

MPLLER, A. R.: The sensitivity of contraction of the tympanic muscles
in man. Ann. Otol. Rhinol. Laryngol. 71, 86-95 (1962),



- 311_

MZLLER, A. R.: An experimental study of the acoustie impedeance of
the middle ear and its transmission properties. Acta Otolaryng.
(Stockh.) 60, 129 (1965).

MJLLER, A. R.: Unit responses in the cochlear nucleus of the rat to
pure tones. Acta physiol. Scand. 75, 530-541 (1969).

MPLLER, A. R.: Unit responses in the cochlear nuclues of the rate
to noise and tones. Acta Physiol. Scand. 78, 289-98 (1970).

MZLLER, A. R.: Unit responses in the rat cochlear nucleus to tones
of rapidly varying frequency and amplitude. Acta physiol. Scand.
81, 540-556 (1971).

MPLLER, A. R.: The middle ear. In: Foundation of modern auditory
theory II. New York, London; Academic Press (1972a).

MPLLER, A. R.: Coding of amplitude and frequency modulated sounds in
the cochlear nucleus of the rat. Acta Physiol. Scand. 86, 223-
238 (1972b). '

MPLLER, A. R.: Goding of sounds in lower levels of the auditory system.
Quarterly Reviews of Biophysics 5, 59-155 (1972c).

MJLLER, A. R.: Statistical evaluation of the dynamic properties of
cochlear nucleus units using stimulli modulated with pseudorandom
noise. Brain Res. 57, 443-456 (1973).

MJLLER, A. R.: Dynamic properties of excitation and inhibition in
the cochlear nucleus, Acta Physiol. Scand. 93, 4#42-454 (19T4a).

MJLLER, A. R.: Responses of units in the cochlear nucleus to sinu-
soidally amplitude modulated tones. Exp. Neurol, 45, 104-107
(197%b). :

MJLLER, A. R.: Dynamie properties of primary auditory flbres compared
with cells in the cochlear nucleus., Acta Physiol, Scand, 98,
157-167 (1976).

MJLLER, A. R.: Frequency selectivity of the batilarmembrane revealed
from discharges in auditory nerve fibres. In: Psychophysics and
Physiology of hearing. London: Academic Press (1977).

MONAKOW, C. V.: Striae acusticae und untere Schleife, Arch, Psychiat,
Nervenkr. 22, 1-26 (1891).

MOORE, B. C. J.: Mechanisms of marking. J. acoust. Soc. Amer. 57, 2,
391-399 (1975).

MOORE, B. C. J., RAAB, D. H.: Pure tone intensity discrimination: some
experiments relating to the 'near miss' to Weber's Law. J. acoust.
Soc. Amer. 55 1049-1054 (1974).



...312-

MOORE, B. C. J., RAAB, D, H.: Intensity discrimination for noise
bursts in the presence of a continuous, bandstop background:
effects of level, width of bandstop and duration. J. acoust,
Soc. Amer. 57, 2, 400-405 (1975).

MORGAN, D. E., WILSON, R. H., DIRKS, D. D.: Loudness discomfort level
(LDL): selected methods and stimuli., J. acoust. Soc. Amer. 56,
2, 577-581 (1974).

MOUSHEGIAN, G., RUPERT, A., GALAMBOS, R.: Microelectrode study of
ventral cochlear nucleus of the cat. J. Neurophysiol. 25, 515-
529 (1962). |

MUNDIE, J. R.: The impedance of the ear - a variable quantity. U.S.
Army Med. Res. Lab. Rep. 576, 6385 (1963).

MUNSON, W. A.: The growth of auditory sensation. J. acoust. Soc.
Amer. 19, 584-591 (1947).

NAUNTON, R. F., ZERLIN, S.: Human whole nerve response to clicks of
various frequency. Audiology 15, 1-9 (1976).

NEFF, W. D., HIND, J. E.: Auditory thresholds of the cat. J. acoust.
Soc. Amer. 27, 480-483 (1955).

NELSON, P. G., ERULKAR, S. D.: Synaptic mechanisms of excitation and
inhibition in the central auditory pathway. J. Neurophysiol.
26, 908-923 (1963).

NEUBERT, K., WUSTENFELDT, E.: Nachweis der zelluldren Ansprechgebiete
in Innenohr. Die Naturwissenschaften, 11, 350-355 (1955).

NOMOTO, M., SUGA, N., KATSUKI, Y.: Discharge pattern arid inhibition
of primary auditory nerve fibres in the monkey. J. Neurophgsiol.
27, T768-787 (1964).

OKAMOTO, M., SATO, M., KIRIKAE, I.: Experimental studies on the
function of the tensor tympanic musecle. Ann. Otol. Rhinol. Lar.
63, 950-959 (1954).

OSEN, K. K.: Cytoarchitecture of the cochlear nuclei in the cat. J.
Comp. Neurol. 136, 453-483 (1969a).

OSEN, K. K.: The intrinsic organization of the cochlear nuclei of the
cat., Acta. oto-laryng. Stockh. 67, 352-359 (1969b).

OSEN, K. K.: Course and termination of the primary afferents in the
cochlear nuclei of the cat., Arch, Ital, Biol. 108, 21-51 (1970).

OSTERREICH, R. E., STROMINGER, N. L., NEFF, W. D.: Neural structures’
mediating differential sound intensity discrimination in the
cat. Brain Research 27, 251-570 (1971).



- 313-

#ZDAMAR, 0., DALLOS, P.: Input-output functions of cochlea whole
nerve action potentials: interpretation in terms of one popula-
tion of neurones. J. acoust. Soc. Amer. 59, 1, 143-147 (1976).

PERKEL, D. H., BULLOCK, T. H.: Neural coding: A report based on an
NRP work session, Neurosciences Res. Program Bull, 6, No. 3,
221-348 (1968).

PERLMAN, H. B., CASE, T. J.: Latent perlocd of the crossed stapedius
reflex in man., Ann, Otol. Rhinol. Laryngol. 48, 663-675 (1939).

PFALZ, R. K. J.: Centrifugal inhibition of afferent secondary neurones
in the cochlear nucleus by sound. J. acoust. Soc. Amer. 34,
1472-1477 (1962).

PFEIFFER, R. R.: Electrophysiological response characteristics of
single units in the cochlear nucleus of the cat., Doctoral thesis,
Mass. Inst. Tech., Dept. of Electrical Engineering (1963).

PFEIFFER, R. R.: Classification of response patterns of spike dis-
charges for units in cochlear nucleus: tone burst stimulation.
Exp. Brain Res. 1, 220-235 (1966).

PICK, G. F.: A comment on 'critical bandwidth and high intensities'
by Scharf and Meiselman. In: Psychophysics and physiology of
hearing. London: Academic Press (1977).

PICKLES, J. O.: The origin of critical bands in the cat. J. Physiol.
(Lond.) 242, 131-132 (1974).

PICKLES, J. O.: Normal critical bands in cats. Acta Otolaryngol. 80,
245-254 (1975).

PICKLES, J. O.: The relationship between auditory nerve fibre band-
widths and critical bandwidths in the cat. J. Physiol. (Lond,)
258, 21-22 (1976). '

PICKLES, J. O.: Neural correlates of the masked threshold. In:
Psychophysics and physiology of hearing. London: Academic Press
(1977).

POLLACK, I.: Sensitivity to differences in intensity between repeated
bursts of noise. J. acoust. Soc. Amer. 23, 650-653 (1951).

POLLACK, J.: Ueber die Function des Musculus tensor tympani. Medizinishce
Jahrbilcher Neue Folgel, 82, 555-582 (1886).

PORT, E.: Ueber die Lautstarke Einzelner KurzerSchallimpulse. Acoustica
13, 212-223 (1963).

POWELL, T. P. S., COWAN, W. M.: An experimental study of the projection
of the cochlea. J. Anat. 96, 269-284 (1962).



- 314 -

RAAB, D. H., ADES, H,W: Cortical and midbrain mediation of a con-
ditioned discrimination of acoustic intensities. Amer. J.

Psych. 59, 59:83 (1946).

RAAB, D. H., GOLIBERG, I. A.: Auditory intensity discrimination with
bursts of reproducible noise., J. acoust. Soc. Amer. 57, 2,
437-447 (1975).

RASMUSSEN, G. L.: Outlines of neuro-anatomy. Dubuque: William C.
Brown Co. (1943).

RASMUSREN, G. L.: The olivary peduncle and other fibre projections of
the superior olivary complex. J. Comp. Neurol. 84, 141-219 (1946).

RASMUSSEN, G. L.: Efferent fibres of the cochlear nerve and cochlear
nucleus. In: neural mechanisms of the auditory and vestibular
systems, pp. 105-115. Springfield, Ill.: Thomas (1960).

RASMUSSEN, G. L.: Efferent connections of the cochlear nucleus. In:
Sensorineural hearing processes and disorders, pp. 61-75. Little,
Brown: Boston (1967).

REISZ, R. R.: Differential intensity. sensitivity of the ear for pure
tones. Phys. Rev. 31, 868-875 (1928).

RHODE, W. S.: Observations of the vibration of the basilar membrane
in squirrel monkeys using Missbauer technique. J. acoust, Soc.
Amer. 49, 1218-1231 (1971).

ROBINSON, D. W., DADSON, R. S.: A re-determination of the equal-loudness
relations for pure tones. Brit. J. appl. Phys. 7, 166-181 (1956),

ROSE, J. E., BRUGGE, J. F., ANDERSON, D. J., HIND, J. E.: Phase-locked
response to low frequency tones in single auditory nerve fibres
of the squirrel monkey. J. Neurophysiol. 30, 769-793 (1967).

ROSE, J. E., GALANBOS, R., HUGHES, J. R.: Microelectrode studies of
the cochlear nuclei of the cat. Hohns Hopkins Hosp. Bull., 104,
211-251 (1959).

ROSE, J. E., HIND, J. E., ANDERSON, D. J., BRUGGE, J. F.; Some effects
of stimulus intensity on response of auditory nerve fibres in
the squirrel monkey. J. Neurophysiol. 34, 685-699 (1971).

ROSENZWEIG, M,: Discrimination of auditory intensities in the cat.
Amer. J. Psych., 59, 127-136 (1946).

ROSSI, G.: Anatomical organization of the efferent cochlear and
vestibular system. In: Structure and function of inhibitory
neuronal mechanisms. Oxford: Pergamon Press (1968).



* ¥

- 315-

RUGGERO, M.A.: Responses to noise of auditory nerve fibres in the
squirrel monkey. J. Neurophysiol. 36, 569-587 (1973).

SACHS, M. B., ABBAS, P.: Rate versus level functions for auditory
nerve fibers in cats: tone-burst stimuli. J. acoust. Soc,

Amer. 56, 6, 1835-1847 (1974).

SANDO, I.: The anatomical inter-relationships of the cochlear nerve
fibres. Acta Oto-laryng. Stockh. 59, 417-436 (1965).

SAUNDERS, J. C.: Behavioural discrimination of click intensity in
cat. J. Exp. Anal, Behaviour 12, 6, 951-957 (1969).

SCHAEFFER, K. L., GIESSWEIN, M.: Physiologie des Ohres. In: Handbuch
der Hals ~ Nasen und Ohrenheilkinde Bd. 6. Berlin: Springer (1926).

SCHARF, B.: Critical bands. In: Foundations of modern auditory theory,’
I. New York: Academic Press (1970).

SCHARF, B., MEISELMAN, C. H.: Critlcal bandwidth at high intensities.
In: Psychophysics and physiology in hearing, London: Academic
Press, (1977).

SCHOLL, H.: Das dynamische verhalten des Gehirs bei der Unterteilung
des Schallspektrums in Frequenzgruppen. Acustica 12, 101-107
(1962). :

SCHROEDER, M. R., HALL, J. L.: A model for mechanical neural trans-
duction in the auditory receptor. J. acoust. Soc. Amer. 54, 1,
283(A) (1973).

SIEBERT, W. M.: Some implications of the stochastic behaviour of
primary auditory neurones. Kybernetik 2, 206-215 (1965).

STEBERT, W. M., GAMBARDELLA, G.: Phenomenological model for & form
of adaptation in primary auditory nerve fibres. Quarterly
Progress Rep., M.I.T. No. 88 (1968).

STIVERMAN, S. R., HARRISON, C. E., LANE, H. S.: Tolerance for pure
tones and speech in normal and hard-of-hearing ears. OSRD Report
6303. Central Inst. for the Deaf, St. Louis (1946),

SIMMONS, F. B.: Middle ear muscle activity at moderate sound levels,
Ann, Otol. 68, 1126 (1959).

SIMMONS, F. B.: Middle ear muscle protection from the acoustic trauma
of loud continuous sound. Ann. Otol. 69, 1963 (1960).

SIMMONS, F. B.: Perceptual theories of middle ear muscle protection.
Ann. Otol. 73, 724 (1964).

SIMMONS, F. B., LINEMAN, J. A.: Observations on a single auditory
nerve fibre over a six week period. J. Neurophysiol. 31, 799-805
(1968). '



- 316 -

SIVIAN, L. J., WHITE, S. D.: On minimum audible sound fields. J.
acoust. Soc. Amer. 4, 288-321 (1933).

SMITH, R. L.: Short term adaptation and incremental responses of
single auditory nerve fibres. Special Rep. 1SC-S-11. Syracuse,
New York: Syracuse University (1973).

SMITH, R. L., ZWISLOCKI, J. J.: Responses of some neurones of the
cochlear nucleus to tone intensity increments. J. acoust. Soc.
Amer. 50, 1520-1525 (1971).

SMITH, R. L., ZWISLOCKI, J. J.: Short term adaptation and incremental
responses of single auditory nerve fibres. Blol. Cybernetics 17,
169-182 (1975).

SOKOLOVSKI, A.: Normal threshold of hearing for cat for free field
listening. Arch. Klin. Exp. Ohr. 203, 232-240 (1973).

SPOENDLIN, H.: The organization of cochlear receptors. New York:
Karger, Basel (1966). '

SPOENDLIN, H,: Innervation patterns in the organ of Corti of the cat.
Acta Oto-laryngol. 67, 239-254 (1969a).

SPOENDLIN, H.: Structural basis of peripheral frequency analysis.
In: Frequency analysis and periodicity detection in hearing,
pp. 2-36. Leiden: Sijthoff (1969).

SPOENDLIN, H.: The innervation of the cochlear receptor. In: Basic
mechanisms in hearing, pp. 185-235. New York, London: Academic
Press (1973).

STARR, A., WERNICK, J. S.: Olivocochlear bundle stimulation: effects
on spontaneous and tone evoked activities of single units in
cat cochlear nucleus. J. Neurophysiol. 31, 549-564 (1968).

STEVENS, J. C., HALL, J. W.: Brightness and loudness as functions of
stimulus duration. Perception and Psychophysics 1, 319-326 (1966),

STEVENS, S. D. G.: Studies on the uncomfortable loudness level. '
Sound %, 20-23 (1970).

STEVENS, S. S.: A scale for the measurement of a psychological
magnitude: loudness. Psychol., Rev., 43, 405-416 (1936),

STEVENS, S. S.: The measurement of loudness. J. acoust. Soc, Amer,
27, 5, 815-829 (1955).

STEVENS, S. S., DAVIS, H.: Hearing - Its psychology and physiology,
pp. 489. New York, London: John Wiley (1938).

STEVENS, S. S., VOLKMANN, J.: The quantum theory of sensory dis-
erimination. Science 92, 583-585 (1940).



- 317-

SUGA, N., JEN, P.H-8.: Peripheral control of acoustic signals in '
the auditory system of echolocating bats. J. Exp., Blol. 62,
277-311 (1975).

TASAKI, I., DAVIS, H.: Electric responses of individual nerve elements
in cochlear nucleus to sound stimulation (guinea pig). J.
Neurophysiol. 19, 151 (1955). ‘

TERMAN, M.: Discrimination of auditory intensities by rats. J. Exp.
Anal, Behaviour 13, 145-160 (1970).

THORNTON, A. R. D.: A note on the design and construction of a light-
wieght acoustic booth. J. Sound and Vibration 6, 209-216 (1967).

TSUCHITANI, C., BOUDREAU, J. C.: Single unit analysis of cat superior
olive S-segment with tonal stimuli. J. Neurophysiol. 29, 683-
97 (1966).

TSUKAMOTO, H.: Zur Physiologie der Binnenohrmuskeln. Z. Biol., 95,
146-154 (1934).

VIEMEISTER, N, F.: Intensity discrimination of pulsed sinusoids: the
effects of filtered noise, J. acoust. Soc. Amer. 51, 1265-1269
(1972).

VIEMEISTER, N. F.: Intensity discrimination of noise in the presence
of band-reject noise. J. acoust. Soc. Amer. 56, 5, 1594-1600
(197%).

WARR, W. B.: Fibre degeneration following lesions in the postero-
ventral cochlear nucleus of the cat. Exp. Neurol. 23, 140-155
(1969).

WATENABE, T., SIMADA, Z.: Auditory temporal masking: an electro-
physiological study of single neurones in the cat cochlear
nucleus and inferipr colliculus., Jap. J. Physiol. 21, 537-550
(1971).

WECEL, R. L.: Physical data and physiology of excitation of the
auditory nerve. Ann. Otol. Rhinol. Laryngol 41, T40-779 (1932).

WERSHLL, R.: The tympanic muscles and their reflexes, Acta Otolarymg.
(Stockh.) Suppl. 139 (1958).

WEVER, E. G., LAWRENCE, M.: Physiological acoustics. Princeton, New
Jersey: Princeton Univ. Press (1954).

WEVER, E. G., VERNON, J. A.: The threshold sensitivity of the tympanic
muscle reflexes. Acga Otolaryng, 62, 204-213 (1955a).

WEVER, E. G., VERNON, J. A.: The effects of the tympanic muscle
reflexes upon sound transmission. Acta Otolaryng (Stockh.) 45,
433-439 (1955Db). '



- 218 -

WHITFIELD, I. C.: The auditory pathway. London: Arnold (1967).

WIEDERHOLD, M. L.: Variations in the effects of electric stimulation
of the crossed olivocochlear bundle on cat single auditory
nerve fibre responses to tone bursts. J. acoust., Soc. Amer.

48, 966-977 (1970).

WIEDERHOLD, M. L., KIANG, N.-Y.-s.; Effects of electric stimulation
of the crossed olivo-cochlear bundle on single auditory nerve
fibres in the cat. J. acoust. Soc. fimer. 48, 950-965 (1970).

WIENER, F. M., PFEIFFER, R. R., BACKUS, A. S. N,: On the sound pressure
transformation by the head and auditory meatus of the cat., Acta
Oto-laryng. (Stockh.) 61, 255-269 (1965).

WIENER, F M., ROSS, D. A.: The pressure distribution in the auditory
canal in a progressive sound field. J. acoust. Soc. Amer. 18, 401
(1946).

WILSON, J. P., JOHNSTONE, J. R.: Basilar membrane and middle ear
vibration in guinea pig measured by capacitive probe. J. acoust.
Soc. Amer. 57, 3, 705 - 723 (1975).

WRIGHT, H. N.: Loudness as a function of duration. J. acoust. Soc,
Amer. 37, 1174 (1965).

YOUNG, E. D., BROWNELL, W, E.: Responses to tones and noise of
single cells in DCN of unanaesthetlsed cats. J. Neurophysiol.

39, 282-300 (1976).

ZWICKER, E.: Die Elementaren Grundlagen zur bestimnung der Informations
- Kapazitit des Geh8rs. Acustica 6, 4, 366-381 (1956).

ZWICKER, E.: Uber psychologische und methodische Grindlagen der
Lautheit. Acustica 8, 237-258 (1958).

ZWICKER, E.: Direct comparisons between the sensations produced by
frequency modulation and amplitude modulation. J. acoust. Soc.
Amer. 34, 1425 (1962).

ZWICKER, E.: Temporal effects in simultaneous masking by white noise
pbursts. J. acoust. Soc. Amer. 37, 653-663 (1965).

ZWICKER, E.: Ein Beitrag zur Lautstarkemessung Impulsehaltiger Schalle,
Acustica 17, 11-22 (1966).

ZWICKER, E., FASTL, H.,: On the development of the critical band, J.
acoust. Soc. Amer. 52, 699-702 (1972).

ZWICKER, E., FELDKELLER, R.: Ueber die Lautstdrke von gleich formingen
Gerfuschen. Acustica 5, 303-316 (1955).



*%

- 319_

ZWICKER, E., FELDKELIER, R.: Das Ohr als Nachrichtenempfinger.
Stuttgart: Verlag Hirzel (1967).

ZWICKER, E., FLOTTORP, G., STEVENS, S. S.: Critical bandwidth in
loudness summation. J. acoust. Soc., Amer. 29, 5, 548-557 (1957).

ZWICKER, E., SCHARF, B.: A model of .loudness summation. Psychol. Rev,
72, 1, 3>-26 (1965).

ZWISLOCKI, J. J.: Theory of temporal auditory summation. J. acoust.
Soc. Amer. 32, 1046-1060 (1960).

ZWISLOCKI, J. J.: Analysis of some auditory characteristics. In:
Handbook of mathematical psychology, pp. 1-97. New York: John
Wiley (1965). .

ZWISLOCKI, J. J,.: Temporal summation of loudness: an analysis. J.
acoust. Soc. Amer. U46, 2, 431-441 (1969).

ZWISLOCKI, J. J.: A theory of central auditory masking and its partial
validation. J. acoust. Soc. Amer, 52, 644-659 (1972).

HELIMAN, R, P.: Effect of spread of excitation on the loudness function
at 250 Hz. In: Sensation and Measurement, pp. 241-249, H. R.
Moskowitz, B. Scharf, J. C. Stevens (eds.) Dordrecht, Holland:
Reidel (1974).

SCHARF, B.: Partial masking. Acustica 14, 16-23 (1964).



	etheses coversheet 2017.pdf
	773377.pdf

