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STUDIES ON AUDITORY AND VESTIBULAR END ORGANS AND BRAIN STEM NUCLEI 

Harlow W. Ades, Principal Investigator 

This research program has been supported by the National Aero­

nautics & Space Administration for a period covering over nine years 

since th~ Principal Investigator came to the University of Illinois 

from the U. S. Naval School of Aviation Medicine (now the U. S. Naval 

Aerospace Medical Institute), Pensacola, Florida. The research has 

encompassed a broad spectrum of effort in the field of noise exposure 

and its effects. It has also contributed much to the understanding of 

the vestibular system as it affected the performance of the astronauts 

in the space program. The research has been a pioneering effort in the 

development of electron microscopy (both transmission and later scanning 

electron microscopy), and has shown otherwise unknown structures and 

formations in the anatomy of the inner ear and vestibular systems. 

The NASA Technical Officers appointed as moni tors of this grant 

over the years were as follows: 

1965 - 1969: Walton L. Jones, NASA HQ 

1970 - 1971: Randall Chambers and Phi 1 Edge - Langley 

1971 - 1973: David Winter, Ames Research Center 

1973 - 1974: William Mehler, Ames Research Center 

The Principal Investigator has served on numerous panels and 

committees for NASA and for many years was a member of the NASA Research 

Advisory Committee on Advanced Research and Technology (DART). In this 

regard he was appointed a member of the Italian National Research Counci I 

in 1968 and served unti I 1971. The 'Counci I met in Mi lano, I taly, and 

reviewed research being done by Dr. Torquato Gualtierotti at the Space 

Biology Laboratory in that city. Professor Ades spent three years as 

a member of the University of III inois' Task Force on Noise in con­

junction with the Illinois Pollution Control Board. As such he was 

instrumental in achieving the passing of the first Illinois statutes 

on the regulation of stationary noise. He is presently a member of 



the Executive Council of National Academy of Sciences' Committee on 

Hearing and Bioacoustics (CHABA) after having served many years on sub­

committees to CHABA on noise problems. Research results have been dis­

seminated by the participation of the Principal Investigator and other 

members of the laboratory at many scientific.meetings where papers have 

been presented (refs. 2, 5, 6, 9, 13, 16, 18, 27), including participa­

tion in each of the NASA Symposia (refs. 3, 4, 10, 15) which were held. 

There have been joint efforts in this project involving labora­

tories that have mutual interests in the research, and in furthering 

the knowledge in the field. Some of them include The University of 

Gothenburg and the University of Uppsala in Sweden where Professor Dr. 
II 

Hans Engstrom has participated extensively in the electron microscopy 

aspect of the program. Numerous joint authorships of publications in 

the forms of Books ed i ted (refs. 19,25), book wri tten (ref. 1), Chapters 

(refs. 18, 20, 21, 23, 24), and articles (refs. 7, 14, 17) have added to 

the literature in this field. Dr. W. D. Neff at Indiana University has 

had a joint project with Illinois in this same regard (refs. 16,24,28); 

Loyola University of Chicago with Dr. Terry Dolan (refs. 16, 28); Emory 

University, Yerkes. Primate Center, with Dr. Geoffrey Bourne; and Naval 

Aviation Medical Institute with Dr. Ashton Graybiel. 

As a result of these joint efforts, the Bioacoustics Research· 

Laboratory, University of Illinois, has been host to quite a number of 

investigators who have spent anywhere from a few weeks to a year and a 

half in residence here, developing techniques and taking advantage of 

the particularly unique advantages available. Some of these included: 

Goran Bredberg, M. D. (University of Gothenburg and University of Uppsala) 

who spent one and a half years here (refs. 2, 5, 13, 14, 16, 17, 20, 22, 

28); Dr. Henrik H. Lindeman (University of Gothenburg and University of 

Uppsala) who also spent one and a half years here (refs. 3, 14, 15, 17. 

" 22); Ms. Befit Engstrom, (University of Uppsala) for One year and several 

shorter periods (refi.25). One of our Illinois graduate students, 

Jerome Sugar spent three months studying in Dr. Engstrgmls laboratory 



in Uppsala. A direct result of his association with the two labora­

tories was his contribution of an article, "Stria Vascularis," which 
, " appeared in Inner ~ Studies (Ades and Engstrom, editors). Dr. Sugar 

was in his last year at Medical School at the time and is presently 

doing his residency with Dr. Harold Schuknecht at Massachusetts General 

Hospital in Boston. Another one of our graduate students, Charles W. 

Stockwell (refs. 10, II, 12), completed his Ph.D. with Professor Ades 
. 

as his advisor, was accepted in the U. S. Army and received orders to 

Naval Aerospace Medical Institute, Pensacola, where he worked for three 

years with a team there on noise effects and vestibular effects. He is 

now on the faculty at The Ohio State University in Columbus. 

The research under this grant has furthered the knowledge and 

added expertise to the field of inner ear morphology, and the effects 

of noise stimulation on the organ of Corti; by its contribution to the 

training of graduate students who have gone into the field as a direct 

result of their courses and participation in the research programs 

offered by the Bioacoustics Research Laboratory. The Principal Investi­

gator has appointments in three different departments at the University 

of Illinois {Electrical Engineering, Physiology & Biophysics, and 

Psychology),and through such affiliation, draws the special types of 

students who can make a definite contribution through their doctoral 

programs and research. He has been thesis advisor (and served on doctoral 

committees) to students from other departments such as Speech and Hearing, 

Biochemistry, and the School of Basic Medical Sciences. This means that 

each student has spent a period of concentrated study'- anywhere from two 

to four years - on his graduate courses and the resea~ch that ultimately 

results in the material for the doctoral thesis and other publications 

(refs. 8, 11, 12, 14, 15, 19, 26, 27). During this time, as each student 

has completed the prescribed curriculum and written a report of the work, 

acknowledgment has been made to NASA for the support recei ved through 

the grant to Professor Ades ,(NASA NGL ILl DOS 074). 
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SUMMARY 

As stated briefly in the opening paragraph of this report, the 

support of this research project by NASA has enabled the Principal In­

vestigator and his collaborators to add much to the field of knowledge 

of the organ of Corti and of the vestibular epithelia. It is stated 

much more to the point rn the Introduction of the article authored by 

" G. Bredberg, H. W. Ades, and H. Engstrom, "Scanning Electron Microscopy 

of the Normal and Pathologically Altered Organ of Corti ," which appears 

in INNER EAR STUDIES. The following somewhat paraphrases that portion. 

The authors have published a series of articles over a period of 

several years dealing with the morphology of the inner ear of animals and 

man. Many of those have been devoted to a systematic mapping of the sen­

sory cells and nerve elements of normal and pathologically altered coch­

lear and vestibular epithelia. They were predicated initially on the idea 

of portraying properly the cell destruction caused by noise and ototoxic 

antibiotics. It was considered further that they would gain by the appli­

cation of electron microscopic techniques. Transmission electron micros­

copy, while yielding illuminating insights on certain qualitative factors, 

did not give a quantitative estimate of the sensory cell population in 

normal or damaged cochleas, as it was known it would not. This left a 

need for a method of quantitating cells throughout the sensory organ, 

which in turn led to the development of the surface specimen method by 

which each sensory cell of the organ of Corti can be examined ~ situ and 

the entire organ mapped accordingly by light/phase contrast microscopy. 

During the further development of the surface specimen method and 

its application to problems of noise exposure, the technique of scanning 

electron microscopy became avai lable to us, and has proVen to enjoy cer­

tain advantages over both light/phase contrast nlicroscopy and transmission 

electron microscopy, though it does not supplant either. What it does in 

part is to bridge the wide gap between light microscopy and transmission 

electron microscopy. It is an additional adjunct to the study of the 

inner ear, and only by the judicious combinations of methods and their 

convergence on the same problems can progress be firmly made. Thus, 



conventional transmission electron microscopy has been used widely and 

has contributed greatly to the knowledge of inner ear morphology. Like­

wise, light/phase contrast microscopy has clarified, both before and 

since, many interesting aspects of the morphology of bot cochlear and 

vestibular portions of the inner ear. Scanning electron microscopy has 

already had a considerable impact on this r~search, illuminating struc­

tures which were previously seen dimly or not at all. I t does sO by 

showing true three-dimensional pictures with a great depth of field and 

good resolution. It has added a new dimension to cochlear and vestibular 

morphology, which, while mainly in the realm of surface features, is 

applicable to a more limited degree to subsurface structures as well. 

Most of the pictures presented in this paper represent some 

aspect of the normal morphology of the organ of Corti. They illustrate 

the three-dimensional structure in a new way that was made possible by 

the scanning electron microscope. There are a few figures, mainly trans­

mission electron micrographs, which show the interrelationship and inter­

dependence of transmission electron microscopy and scanning electron 

microscopy, or illustrate in a different way what is seen in a scanning 

picture. There are some few figures which are taken from pathological 

cochleas, or fetal COChleas, and are included to provide illustrations 

of a few things that can be done with scanning electron microscopy, and 

to indicate a few obvious areas of future research. This presentation 

in nO way claims to give a complete picture of the morphology of the 

organ of Corti. 

On this note, it should be pointed out that this laboratory is 

now operating On a very limited budget, and although there are several 

publications, either in press or in manuscript form ready to be submitted 

to journals, these wi II be acknowledged under the present grant from 

NASA, NGR 14 005 221 which covers the period of one year from January 

1975 in the'amount of $34,965. We are hoping to have continued support 

from NASA to complete results on data that have accumulated through the 

past several years of research. 



Richard R. ALMON, Ph.D. 1971: "The Effect of Nerve Growth Factor upon 

Axoplasmic Transport in Sympathetic Neurons of the Mouse." 

Roger W. WEST, Ph.D. 1970: "EI ectron Mi croscopy of Norma I and Degenerated 

Ground Squirrel Retina." (See refs. 14 and 15) Thesis summary: 

The synaptic organization of the inner plexiform layer of ground 

squirrel retina was studied using electron microscopy and related to its 

ganglion cell receptive fields. Other studies have shown that species 

with a majority of ganglion cells that respond optimally only to complex 

stimuli have mOre amacrine-amacrine and serial amacrine synapses and 

fewer bipolar-ganglion synapses than species with a majority of ganglion 

cells that respond well to simple stimuli. The present study found that 

ground squirrel retina, which has about equal numbers of both types of 

ganglion cells, also has numbers of synapses per unit area between those 

found in species with a majority of one or the other type of ganglion cell. 

It has been reported that in ground squirrel all ganglion cells 

that respond optimally to complex stimuli project their fibers to the 

superior colI iculus and all gangl ion cells that respond well to simple 

stimuli project their fibers to the lateral geniculate. This made it 

possible to compare the synaptic inputs of ganglion cells isolated with 

respect to receptive field type. One group of ground squirrels was 

lesioned in the lateral geniculate and another group in the superior 

colliculus. Then, after allowing time for ganglion cell degeneration, 

the synaptic input of isolated populations of ganglion cells which re­

sponded best to complex or simple stimuli was studied. 

The results indicated that both types of ganglion cells received 

nearly equal proportions of bipolar synapses but that ganglion cells 

which responded best to complex stimul i received at least twice as many 

amacrine synapses as did ganglion cells that responded well to simple 

s t i mu 1 i . 
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Abstract 

Experimental animals (cats) were exposed to tones of 125, 

1000, 2000, and 4000 Hz at sound pressure levels in the range 

'120 to 15,7.5 dB, "and for durations of one hour (1000, 2000, 

4000 Hz) or four hours '(125 Hz). Pure tone audiograms were 

obtained .for each animal before and after exposure. Post­

exposure tests were continued until complete recovery of hearing 

had occurred or until a stable permanent threshold shift had 

been measured. Cochleas of animals were examined by phase­

contrast microscopy; condition of all hair cells was recorded. 

Extent of inner-ear damage and range of frequencies for which 

hearing loss occurred increased as exposure tone was decreased 

in frequency. For,example, exposure to 4000 Hz produced damage 

in a restricted region of the cochlea and hearing loss for a, 

relatively narrow range of frequencies; exposure to 125 Hz 

produced wide-spread inner ear damage and hearing loss through­

out the frequency range 125 to 6000 Hz. 



INTRODUCTION 
,0 

since the early days of experimental studies of hearing, 

investigators have used tones or noise of high intensity to 

stimulate the ear of an experimental animal and, thus, produce 

damage to E'!:~uctures and challye in ft:n:::tion of the inller en1:. 

In a review of the literature " on the problem of stimulation 
. \ 

deafness", Kemp in 1935 }(·j-cited 44 published reports of 
c ' 

clinical and experimental investigations. The earliest clin-

ical study mentioned that went beyond casual observations was ... 
published in 1890 (Habermann); the earliest experimental study, 

in 1907 (Wittmaack). 

with the development of new techniques of examining inner 

ear patho:).ogy and of measuring inner ear function, important 

new information has come repeatedly through the use of this 

old procedure which allows physical characteristics of the 

exposure stimulus to be correlated with' inner ear pathology; 

stimulus characteristics, with changes in inner ear function; 
., 

and inner ear pathology, with changes in inner ear function. 

Major advances in methods of detecting and mapping inner 

ear damage have included (in more or less chronological order): 



1) improved techniques of sectioning and staining of mammalian 

cochleas; 2) graphic reconstruction of cochleas from serial 

sections; 3) surface preparation of organ of Corti and use of 

phase-contrast microscopy to examine and map all hair cells; 

4) examination of selected regions of organ of Corti by trans-

mission electron microscopy; 5) examination of cochlear struc-

tures by scanning electron microscopy. 

The important methodological advances in studying inner 

ear functiQ,-, have been: 1) recordin<J electrical responses 

produced by inner ear elements; 2) use of behavioral methods 

to obtain accurate measures of auditory discrimination (ab-

solute and differential thresholds). 

In the majority of published reports, inner ear damage 

has been assessed and related to frequency, intensity, duration 

and complexity of the sounds used to produce damage; or change 

in inner ear function as measured by electrophysiological or 

behavioral techniques has been related to physical aspects of 

the exposure stimulus. There have been a relatively small number 

of studies in which inner ear damage and inner ear function have 

been examined in the same animal after" controlled exposure to 

sound stimuli. In the earliest of these experiments, inner ear 

pathology was assessed by examination of selected serial se~tions 

through the cochlea; graphic reconstructions were made according 

to the method of Guild. 



1'/ ~'( 
Bredberg and Hunter-Duvar (in press) have recently published 

a summary of the results of animal experiments and human studies 

in which changes in hearing have been related to inner ear 

damage that was produced by exposure to high intensity sounds 

of by other means, such as surgery or administration of oto-

toxic drugs. 
/ 

Through the use of the surface preparation of the cochlea 

and examination by phase-contrast microscopy, a more precise and 

complete pictu~e of damage to the organ of Corti can be obtained. 

In' a preliminary report, Dolan, Bredberg, Ades, and Neff (1970) 

described the results of an experiment in which the hearing of 

cats was tested before and after exposure to pure tones at high 

sound pressure levels. After sacrifice, surface preparations of 

the cochleas were made and all hair cells and adjacent structures 

, were examined by phase-contrast microscopy. Details of this 

study, including results not available at the time of the pre-

liminary report are given below. 

METHODS AND PROCEDURE 

The general scheme of the investigation included pre-exposure 

audiometric testing, controlled exposure to a p6tentially de-

structive stimulus, post-exposure audiometric testing, and post-

mortem examination of the inner ear. 

Prior to initial training of the cats, one cochlea of each 

animal was destroyed by surgery. Additionally, the pinna of 

the experimental ear \1aS removed and the surrounding area was 

reconstructed. Removal. of t.he pinna was auvantuCJ"DUS' in that 



it decreased the variance in intensity of acoustic stimuli at 

the ear drum due to positional changes of the pinna during 

behavioral testing. The absence of a pinna also allowed close 

examination of the ear drum prior to and following exposure, 

accurate monitoring of acoustic waveforms during exposure, and 

easy accessibility for cleaning of the external canal. 
/ 

Exposure 

For exposure to a high-intensity sound (tone), each ex-

perimental animal \<las anesthetized with diabutal and positioned 

in a stereotaxic instrument. Its head was held only by the 

bite bar. The appropriate stimulus frequency was generated by 

a low distortion General Radio oscillator. The output of the 

oscillator was fed through an Altec l569A amplifier and into 

'- an Altec 802 D speaker. The output of the speaker passed through 

an adapter, consisting of telescoping brass tubes (this allowed 

for tuning by varying the length of 'the tube),. and finally into 

a speculum that was inserted into the pinnec'tomized ear.' The 

sound intensity was monitored through a 1 mm probe tube placed 

just beyond the orifice of the speculum; the probe was connected 

to a 1/2 inch Bruel and Kjaer microphone (Model 4134); the out-

put of the microphone was amplified by a cathode follower am-

plifier (B&K 2615, 2801 power supply) and fed into a General 

Radio sound vibration analyzer. Sound and distortion data were 

calibrated with a B&K 4220 pistonphone and probe calibration 

coupler. 



For the data presented in the Results section, frequencies 

of 125 Hz, 1000 HZ, 2000 HZ, and 4000 Hz were examined. At 

each frequency, the effects of sound pressure levels were 

also investigated. 

Behavioral testing 

Audiograms were obtained by an avoidance conditioning pro-

cedure. In order to avoid shock, the experimental animal was 

trained to cross from one side to the other of a double-grill 

cage wh8n ft series of tone pulses WftS presented. Each tc~c 

pulse had a duration of one secorid and rise and fall times of 

300 msec each. The interval between pulses was one-half second. 

On any given trial, the tone pulses were presented for a period 

of ten seconds followed by shock given through the bars that 

formed the floor, sides, and top of the double grill cage. 

Tone pulses were generated by a General Radio 1310-A 

oscillator, amplified by a McIntosh MC-250 ampl~fier, gated 

without respect to phase by an electronic switch (Olson and 

Ludwig, 1965), and presented via an Altec-Lansing 802 D speaker. 

The loud-speaker and double grill cage were located in a sound.-

deadened, double-walled room. Sound generating and control in-

struments were outside of the room. The experimenter sat at 

a control panel and could observe the experimental animal 
'.' 

through a one-way window. 

After an animal had learned to make avoidance responses 

to tones well above threshold level, the.minimum sound pressure 

level (SPL) to \"hich the animnl would respond HnS dt't"rmiw"c) 



~/O) ~{ 
at each of the following frequencies: 125, 250, 500, 1000, 

2000, 4000, 8000, and 12000 Hz. The general procedure for 

determining a "threshold" for a given frequency involved the 

attenuation of the tone,by 15 B after each correct response. 

When a level was reached at which no response was made, the 

tone was increased by 15 dB and then attenuated in 5dB steps 

until another failure occurred. This procedure was repeated 

until the animal reversed his behavior from "responding" to 

"not responding" in the same 5 dB step twice in succession. 

Following determination of a "threshold" in this manner, the 

tone was increased by 50 to 80 dB and the entire procedure 

repeated. Two "thresholds" were obtained at a single frequency 

during each test session. Pre-exposure testing was continued 

until stable audiograms had been obtained, that is, until 

the range of threshold values at each frequency had decreased to 

10 dB or less for several successive tests. 

A similar procedure was follovled after exposure to a high 

intensity tone. Audiograms were measured until recovery to nor-

mal pre-exposure levels occurred or until the amount of measured 

threshold shift remained constant for a period of several weeks. 

The time from exposure until sacrifice varied from two to four 

months for the animals included in the present report. 

Post-mortem anatomical methods 

The preparation of the cochleas for post-mortem examination 

was essentially similar to that described in detail by Engstrom, 



Ades, and Andersson (1966), except that the entire organ of 

Corti was displayed on slides as surface specimens. All 

hair cells were counted and the results recorded on punch 

cards for computer analysis. The resultant cochleograms give a 

picture of the. remaining or intact hair cells. 

RESULTS 

The behavioral data showing amount of hearing loss (PTS, 

permaner!tLlireshold shift) and the ctnatomical data showir!<J 

the percent of hair cells missing as a result of the exposure 

·to a tone of high intensity are sununarized below for 16 animals. 

The amount of hearing loss suffered by an animal at a partic-
, 

ular'frequency is the difference in the median value of the 

final six.measures obtained prior to the exposure and the final 

six measures prior to post-mortem examination. 

Exposure to 4000 Hz 

The behavioral and anatomical results for three animals 

exposed to a 4000 Hz tone are shown in Figure 1. The top half 

of Figure 1 shows the amount of hearing loss (relative to pre-

exposure audiogram) as a function of frequency. The boxes in the 

lower half of Figure 1 show the percentage of normal hai~ cells 

remaining after the exposure as a function of the total cumulative 

number of hair cells measured from the basal end of the cochlea. 

Region and extent of absent or damaged hair cells are indicated 

by blackened areas. All three animals received an exposure of 

one hour duration. cat LC 100 was exposed to a 135 dB SPL tone;* 

cats LC 76 and LC 110,. to a 140 dB SPL tone. 



As indicated in Figure 1, cat LC 100 suffered no hearing 

loss as a result of the exposure. Cats LC 76 and LC 110 had 

hearing losses in the frequency range 500 to 12000 Hz, with 

maximum loss occurring at the exposure frequency. At 4000 Hz, 

there was a permanent hearing loss of approximately 60 dB. / 
• 

Figure 1 also shows that cat LC 100 sustained essentially no 

hair cell destruction as a function of the exposure. Only slight 

damage is indicated along the outer (3rd) row of outer hair cells 

(OHCs). Cats LC 76 and LC 110 had severe but narrow lesions in 

all three rows of OHCs and in the single row of inner hair cells 

(IHCs); lesions occurred in the upper basal turn about midway 

along the length of the cochlea. 

Exposure to 2000 Hz 

The results of exposure to a 2000 Hz t0ne that was one hour 

in duration are shown for three animals in Figure 2. 

Cat RC 101 was exposed to a 130 dB SPL tone; it sustained a 

hearing loss in the range 1000 to 12000 Hz, with a maximum loss 

of about 38 dB occurring at the frequency of the exposure tone. 

No hearing loss was found for either the very low or very high 

frequencies. Cat LC 73, exposed to a 135 dB SPL tone, had greater 

hearing loss than RC 101 for all frequencies from 500 Hz to 

12000 Hz. Again, the maximum loss, about 58 dB, occurred at the 

frequency of the exposure tone. Cat LC 67 was exposed to a 140 

dB SPL tone; it had complete loss of hearing for frequencies from 

2000 to 12000 Hz, severe loss at 1000 HZ. and smaller losses 

at 500 and 250 Hz. 
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The anatomical results of the exposures to a 2 kHz tone are 

. given in the lower half of Figure 2. Cat RC 101, which had a 

38 dB hearing loss at 2000 Hz, had only minor hair cell damage. 

With the exception of a very narrow lesion in which approximately 

40% of the OHCs in the first row were missing, cat RC 101 appeared 

to have a nearly normal cochlea. Cat LC 73, which had a 58 dB 

hearing loss at 2000 Hz, had severe destruction of both inner 

and outer hair cells; the greatest damage to the outer hair cells 

occurred in two regions toward the apical end of the cochlea. One 

region of severe damage was in the approximate location of maximal 

activity caused by a 2000 Hz tone; the second region was at the 

apical tip of the cochlea and is apparently not reflected in the 

audiometric data. It should be· noted that the lesion that occurred 

more distant from the apical end is much like the lesions found 

in cats LC 76 and LC 110 as a result of exposures to a 4 kHz tone; 

the lesion is confined to a very limited region of the basilar 

membrane. 

The anatomical results of cat LC 67, which suffered the greatest 

PTS as a result of the 2000 Hz exposure, are also shown in Figure 2. 

As expected from the audiometric data, cat LC 67 had complete 

destruction of IHCs and all three rows of OHCs in all but the 

apical tip of the cochlea. 

Exposure to 1000 Hz 
., 

The audiometric results for six animals exposed to a 1 kHz 
I 

tone for one hour are shown in Figure 3. Exposure levels were! 
I , 

120,130, and 140 dB. Cat LC 115 was exposed to a 120 dB SPL 

tone and had no PTS. Cat RC 97, exposed to a 130 dB 



SPL tone, had a moderate amount of PTS at all frequencies above 

250 Hz with the maximum loss again occurring at 2000 Hz. Cats 

LC 91 and LC B9were both exposed to a 140 dB SPL tone and, after 

exposure, failed to respond to any signals between 250 and 20000 

Hz. No audiometric tests were made at 125 Hz. 

The anatomical results for the four.animals exposed to 1000 

Hz are shown in Figure 3. Cat LC 115 had essentially no damage 

as a result of the exposure. Cat RC 97 had a double-peaked lesion 

of the outer hair cells and a single narrow region of damage to 

inner hair cells. Cats LC 91 and LC &9 both suffered total de-

struction of OHCs and IHCs throughout all but the apical end of 

the cochlea. 

Exposure to 125 Hz 

The audiometric results for six animals exposed at 125 Hz 

for four hours are shown in Figure 4. Cat LC 96 was exposed to 

a 150 dB SPL tone and suffered no PTS. Cats LC 71 and LC 77 

were exposed to a 155 dB SPL tone and, like LC 96, had normal 

post-exposure audiograms. Cat LC 105, exposed to a 157.5 dB SPL 

tone, had severe PTS for frequencies from 125 to 16000 Hz, the 

amount of PTS being greater at the high frequencies. Cats LC BB 

and LC 70, which were exposed to intensities of 152.5 dB SPL and 

155 dB SPL, respectively, failed to respond, after exposure, to tones 

throughout the range 125 to 16000 Hz. 

The anatomical results for the animals exposed to 125 Hz are 

. also shown in Figure 4. Cats LC 77, LC 96; and LC 71 suffered 

little or no damage from the sound exposure. Cat LC 105 had 



complete loss of hair cells in the basal half of the cochlea 

and partial loss of cells in the upper turns. cat LC 88 had 

almost total loss of OHCs and extensive damage to IHCs. Cat 

LC 70 had a nearly normal cochlea; limited damage occurred to 
/ 

outer hair cells at the apical end of the cochlea and to a small 

percentage of inner hair cells near the apex. There was also 

loss of OHCs in row 3 near the round window. 

DISCUSSION 

Locus of damage--frequency of exposure-tone 

The relationship between frequency of exposure and locus 

of inner ear damage is most evident in those animals in which 

the exposure caused only a narrow region of damage. As a result 

of exposure at 4 kHz, for example, animals LC 76 and LC 110 

sustained narrow but severe lesions of both OHCs and IHCs in 

the upper basal turn of the cochlea. In cases in which the ex-

posure frequency was lowered to either 2000 Hz (LC 73) or 1000 

Hz (RC 97), however, the region of hair-cell loss occurred at 

locations further from the basal end of the cochlea (approximately 

in the middle turn). In animals that suffered severe hair-cell 

destruction after exposure to either 2000 Hz or 1000 Hz (LC 67, 

LC 89, LC 91), all hair cells were destroyed from the upper mid-

dIe or lower apical turn to the apical end of the cochlea. 

Exposure to 125 Hz)in all but one case, produced either no 

damage (LC 77, LC 96,.LC 81) or widespread destruction of hair 

cells (LC 105, LC 88) throughout the cochlea, extending from the 

basal turn to the apical end. 

. . 



Inner ear damage - exposure level 

For frequencies of 4,000, 2,000, and 1,000 Hz, the relation-

ship between the amount of inner ear damage and the sound pressure 

level of the exposure tc;:me is clearly seen: the extent of damage 

was, without exception-, greater in those animals that received the 

highest exposure levels. 

There was greater variability of results for exposure to 

125 Hz; nevertheless, the two animals with greatest inner-ear damage 

were exposed to sound pressure levels as high or higher than the 

exposure levels of animals with less inner ear damage. 

More interesting, perhaps, was the small amount of change in 

the exposure-intensity required to alter the resultant cochlear 

damage from minimal to severe. At all exposure frequencies 

investigated, for example, a 10 dB increase in the intensity of the 

exposure meant the difference between moderate or non-existant and 

severe destruction in the cochlea. At 125 Hz, a change of less 

than 5 dB in the exposure intensity sometimes meant the difference 

between a normal and a destroyed cochlea. 

Hearing loss - exposure level 

For exposures to 1000, 2000, and 4000 Hz, hearing loss in­

creased with increase in sound pressure level. Again, there was 

greater variability in results for animals exposed to 125 Hz. 

Hearing loss - region and extent of inner-ear damage 

For animals exposed at 1000, 2000, and 4000 Hz, the frequency 

at which maximal hearing loss occurred corresponded well with the 

locus of hair-cell damage. Often, however, the range of fre­

quencies ter which hearing loss occurred did not correspond well 

with the width of the cochlear lesion (particularly with narrow 



cochlear lesions). Animals with maximal hearing loss at 4000 Hz 

(LC 76 and LC 110), for example, had damage to both IHCs and OHCs 

in the upper basal turn of the cochlea. Animals with maximal 

hearing loss at 2 kHz (RClOl and LC 73) had hair cells destroyed 

in the middle turn of the cochlea (although LC 73 had a second 
. , 

lesion near the apex). The animal with maximal hearing loss at 1 kHz 

(RC 97) also had lesions in the middle and apical turns. In each 

of these cases, the range of· frequencies at which hearing loss 

occurred was greater than would have been expected based on the 

width of the cochlear lesion or lesions. There are several possible 

explanations of this discrepancy. The most likely is that the 

histological data presented above are based primarily on a determina-

of the apparent "presence" or "absence" of each hair cell using 

phase-contrast microscopy. No further attempt was made to 

ascertain the condition of a hair cell. More subtle alterations of 

a hair cell than its elimination or severe distortion would not be 

seen although other techniques such as electron microscopy might 

have revealed damage sufficient to render the cell non-functional. 

This explanation would also account for such discrepancies as 

represented by RC 101 which had considerable hearing loss but 

only minimal hair cell damage. The lesions sustained at the 

apical end of the cochleas of LC 73 and RC 97 may have been 

produced by ~nterruption of the blood supply to the apical region, 

a disorder that might be unrelated to the sound exposure (see 

Bernstein and Schuknecht, 1967). 

In all cases in which the exposure caused widespread 

destruction of OHCs and IHCs (LC 105, LC 88, LC 91, LC 89, LC '67)) 



there was a corresponding severe loss of hearing at all frequencies 

or complete loss at higher frequencies and severe loss extending into 

the lower frequency-range. In one case, LC 70, the post-exposure 

hearing loss cannot be explained in terms of inner-ear damage. 

Hearing loss - destruction of IHCs ~ OHCs? 

The data obtained in this experiment do not permit any de-

finitive answer to the question: Does the audiogram reflect the 

condition of inner hair cells, outer hair cells, or both? Evidence 

from several animals are relevant to this question. Cat LC 88 had 

almost complete destruction of ORCs, but a large number of IHCs in 

the apical turn were still present; post-exposure testing indicated 

complete.loss of hearing. LC 91 also had complete loss of hearing 

although some IRCs remained in the apical and basal turns. RC 101 

had post~exposure hearing loss for frequencies from 2000 to 10,000 

Rz although IRCs remained throughout the cochlea. 

The above cases (LC 88, LC 91, and RC 101) might be taken 

as evidence that the audiogram does not necessarily reflect the 

condition of the IRCs. 

-
In contrast to the above cases, LC 73 had normal hearing 

for low frequencies despite the nearly total destruction of ORCs 

in the apical turn; IRCs were intact in the apical turn and 

throughout the cochlea except for a narrow region in the middle 

turn. In this case, it might be argued that the audiogram does 

reflect the condition of the IRCs. 

Finally, in considering the results of the present study and 

of many others that have related hearing loss to inner-ear damage, 



the limitations of methods used in assessing inner-ear damage 

be kept in mind. No single histological technique provides a 

complete assessment of intracochlear damage or change resulting 
./ 

from an exposure. It is necessary to accurately assess damage to 

hair cells, intracochlear changes such as mechanical destruction 

·of nerve fibers, disruption of the synaptic region between sensory 

cell and nerve fiber, interruption of blood supply, and damage to 

supporting structures. 

There are also limitations in the methods used to measure 

changes in hearing in experimental animals. Occasional anomolous 

results may be expected. In an animal with a severe hearing loss, 

it may be difficult to obtain threshold measurements. For a 

normal animal or one with moderate hearing loss, tests of absolute 

threshold may be started by presenting a tonal signal well above 

threshold and decreasing it until the animal no longer makes a 

behavioral response. For animals with severe hearing loss, it 

may not be. possible to use a tonal stimulus that is much above 

threshold. Therefore, great care must be taken not to produce 

"neurotic" behavior by creating highly stressful.conditions for an 

animal--particularly one tha.t has been exposed to loud sound or 

has otherwise been treated so as to produce a severe hearing 

deficit. -The presence of tinnitus may also disrupt the animals 

performance in response to weak tonal signals. 
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SUMMARY 

Experimental animals (cats) were exposed to tones of 125,' 

1000, 2000, and 4000 Hz at sound pressure levels in the range 

120 to 157.5 dB, and for durations of one hour (1000, 2000, 

4000 Hz) or four hours (125 Hz). Pure tone audiograms were 

obtained for each animal before and after.exposure. Post­

exposure tests were continued until complete recovery of hearing 

had occurred or until a stable permanent threshold shift had 

been measured. Cochleas of animals were examined by phase­

constrast microscopy; condition of all hair cells was recorded. 

~xtent of inner-ear damage and range of frequencies for which 

hearing loss occurred increased as exposure tone was decreased 

in frequency. For example,. exposure to 4000 Hz produced damage 

__ in a restricted region of the cochlea and hearing loss for a 

relatively narrow range of frequencies; exposure to 125 Hz 

produced wide-spread inner ear damage and hearing loss through­

out the frequency range 125 to 6000 Hz. 



Figure 1. Pure tone thresholds (upper half of figure) and plots 
of inner ear damage (lower half of figure) for animals 
exposed to 4000 Hz tone. For each animal, the O-dB 
line represents its preoperative hearing level. 
Hearing loss or permanent threshold shift (PTS)is, 
plotted as a deviation from the O-line. 

In the plots of inner ear damage, the base line 
.(labeled 0,4,8,12 etc) indicates the number of hair 
cells, as counted starting at the base of the cochlea. 
For example, 4 means that to that point, four hundred 
hair cells had been counted. The number of destroyed 
or damaged hair cells is shown by the black-shaded 
areas. For example, in the plot for Cat LC 110, all 
of the hair cells in outer row 3 were damaged in the 
region occupied by haiL cells 1400 to about 1600 
(upper basal turn). The damage was less in the other 
two rows of outer hair cells and in the single row 
of inner hair cells. 

NR= No response to tone at maximum level available. 



Figure 2. Pure-tone thresholds and inner ear damage of animals 
exposed to 2000 Hz (Figur~ 1 for explanation) 

• 



Figure 3. Pure-tone thresholds and inner car damage for animals 
exposed to 1000 Hz (Figm:e 1 for explanation) 



Figure 4. Pure-tone thresholds and inner ear damage for animals
exposed to 125 Hz. ( Figure 1 for explanation.)
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Charles W. STOCK4JELL(10 ' 11	 12) Ph.D. 1968: "Patterns of Hair Cell

Damage in the Guinea Pig after Intense Auditory Stimulation."

(Departmen t of Otolaryngology, Vestibular Physiolog
y , The

Ohio State University, Columbus)

PA'T'TERNS OF HAIR CELL DAMAGE AFTER INTENSE

AtTllITORY STIMULATION

SUMMARY

Guinea pigs were exposed to pure tones of 125, 500, 1000, 2000
and 1000 Hz at intensities of 130 and 150 dB SPL for a period of one
or four hours. Each cochlea was prepared histologically using the
"surface specimen technique," and a cochlcogram of the sensory cell
population was constructed to show the pattern of hair cell loss.

The radial distribution of damage was related to exposure fre-
quency. Lower frequencies produced proportionally greater damage
in distal hair cell roses than did higher frequencies. Hair cell dam-
age caused 1)) , exposures at 150 dB was severe over wide areas,
extending from the supposed site of maximum stimulation primarily
toward the base. Exposures to 130 (111 caused damage which was
more selective than has been reported previously. Lesions produced
by a 4000 Hz tone appeared near the stimulation maximum for that
frequency, but lesions caused by lower frequencies tended to appear
progressively nearer the base with respect to stimulation maxima.
The existence of multiple peaks of damage was a prominent feature.

Two mechanisms of damage appear necessary to itlterpret the
damage patterns which ,vcre observed: 1) direct mechanical stress,
,vhich was most important at higher frequencies, and 2) gradually
accumul ating e ffects, ,vhich were most important at lower frequen-
cies, and to which 01-IC were particularly susceptible. Particular
attention was paid to the possible role of the car's nonlinearity in
accounting for discrepancies between hair cell damage patterns and
patterns of normal hair cell stimulation.
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Cochlear Hair-(cell Damage in Guinea Pigs after Exposure
to Impulse Noise

LYNN B. POCRE, Tlt. CHARLES W. STOCKWELL, AND HARLOW W. ADES

Department of Electrical Engineering, University of Illinois, Urbana, Illinois 61801

Fourteen young guinea pigs were individually exposed to 500 rounds of paper "caps" tired in a toy Run at a
distance of 30 cm. The gun was fired at intervals of 1-5 sec. After seven weeks survival, the cochleas were
removed and each complete organ of Corti examined, using Engstr6m's surface-preparation technique.
Cochleograms (tabular forms showing position and condition of each cell) were prepared for each row of
hair cells. Curves were plotted showing number of dammed cells as a function of distance from the base.
In approximately 80% of the cases, total destruction of hair cells occurred in a narrow hand midway along
the organ of Corti. The severity and distribution of damage for the group are compared with similar data for
another group, which was exposed to high-intensity pure tones.

The immediate implication of the data presented is
fairly obvious. Repetitive impulse noise of the type
and level indicated is sufficient to produce marked
damage to cochlear hair cells in the guinea pig. It can
be assumed that the human ear would be similarly
affected, though to what degree is not predictable
because of the presumptive difference in vulnerability
between the two species. No estimate can be made, on
the basis of these data, of the permanent hearing loss
that would result from such exposure. The correlation
between hair-cell damage and hearing impairment is
largely unknown for either species.

It was found that the damage pattern clue to cap-
gun exposure was closely similar to that produced by
a continuous exposure to a tone of 2000 Ilz at 125-130
d13 for 4 h, with respect to both degree of dainage and
site of damage along the organ of Corti. This is con-
trary to the widely held opinion that impulse noise pro-
duces hair-cell damage that is most severe at the base
of the cochlea. Furthermore, the damage encountered
in the present experiments did not exhibit the wide
v;uiabilily often reported. It was consistently focalized
in the w.c:ond turn of the cochlea. The region is the one
that has been assigned traditionally to the reception
of 2-4-KIIz tones, suggesting a correlation with the,
4-.Kllz notch in the human audiogram that is often
seen in cases of presumptively noise-induced hearing
loss; however, this interpretation must be drawn with
caution. More extensive studies of hair-cell dannatge
from pure-tone exposure make it apparent that the
relation between exposure tone and locus of damage
is not the simple one that is often tacitl y assumed by
derivation from place theory. A separate reporl of
experiments rcl:ltivc to Elfin question is in prcitar;ttion
and will he published soon.

It is clear that the guinea pig suffers extensive hair-
cell loss from exposures of the type described. While
there is probably some difference in damage threshold
between guinea pig and man, it stems fair to assume
that the ears of humans may be affected similarly,
though possibly in different degree. Consequently, in
any effort to account for the notch type of hearing loss
that is often encountered, even in young people, it
becomes necessary to consider noisy- toys as a potential
factor in addition to the many other sources of poten-
tially damaging noise. It is not surprising to learn

that, in his studies of histopathology in the human ear,
Bredberg (1968) was compelled to derive his normative
data from late fetal and neonatal ears. All of the
postnatal cars, even those from children, showed some
degree of hair-cell loss, and, by the latter part of the
second decade of life, this had assumed substantial
proportions. This is not to say that such findings are
to be interpreted as due in any particular degree to
early exposure to noisy toys, but they do call into
question the norms to which human hc;u-ing thresholds
are commonly referred.

ACKNOWLEDGMENT

'This investigation was supported by a Gk-ant from
the National Aeronautics and Space Administration.

-• Ref .	 1 I



4.

The following lists the names of some of the students; dates of

obtaining the degrees; theses titles; and ultimate placement where

applicable. Summaries are included as a sample of their work.

Mary Jayne CAPPS (8) Ph.D. 1967:	 "Auditory Frequency Discrimination

after Transection of the Olivo-Cochlear Bundle in Squirrel

Monkeys." (Present address: Department of Otolaryngology,

University of Minnesota Medical School, Minneapolis, Minn.)

Reprinted frolll EXPERIMENTAL NEUROLOGY, Volume 21, Number 2, Jlllle 1968
Copyright © 1968 by Academic Press Inc. Printed in U.S.A.

EXPERIMENTAL: NEUROLOGY 21 , 147-158 (1968)

Auditory Frequency Discrimination after Transection
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Difference limens for auditory frequency discrimination were determined before
and after transection of the olivocochlcar bundle in four squirrel monkeys
(Samiri sciurcus). A modified Wisconsin General Test Apparatus was used to
determine the frequency difference limens at 1000 and 4000 cycle/sec. Following
transection of the olivocochlcar bundle, all of the animals showed marked
deficits in frequency discrimination performance. The mean absolute difference
limens (7570 correct responses) were increased by 450 cycle/sec at 1000 cycle/sec
and by 600 cycle/sec at 4000 cycle/sec. Performance on all localization
task was not affected by the lesions of the efferent tract. It is suggested that
the efferent auditory system operates to sharpen the frequency resolving power
of the ear.

1 This research stwilorted by NASA Grant NGR 14-005-074. The authors tha nl<
l;. J. "Thomas and G. z. Greenberg, I., B. Pochc, Jr., C. W. Stockwell, and I-1.
Eng.gr6m for advice and technical assistance. We also thank the personnel of the
Biophy sical Research laboratory, especially F. J. Fry and Rita 'Malek, for perform-
ing the ultrasonic irradiations.
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9.

Scanning Electron Microscopy of the Organ of Corti

Abstract. With the scanning elect ron microscope we have e.taminecl norlmd coch-

lear sensory epithelium of the guinea pip and cat and that damaged by noise. The

studies demonstrate how the re;t,'rdar surface architecture of the organ of Corti is
altered after exposure to noise. The cl)culges include loss of sensory hairs, forma-

tion of giant hairs, and complete degeneration of circllm.scrihed areas of the organ

of Corti. Our method greatly reduces the artifacts.

Earlier scanning elect ron microscopy
of the inner car has shown considerable
artifacts due to shrinkage and compres-
sion. The use of the freeze-drying tech-
nique gse.atly reduces the artifacts so
that a more normal shape of the struc-
tures is preserved. The scanning elec-
tron microscope will no doubt become
a useful tool in the study of the organ
of Corti, and be of special value for
the understanding of spatial relations
and the pattern of innervation inside the
organ. The effects of noise and ototoxic
drugs on the organ of Corti and other
degenerative changes will provide addi-
tional areas of study.

GURAN B)tEDBERG''

HENRIK H. LINDEMAN
HARLOW W. ADES

ROGER WEST

Departments of Iaectricul

Engineering, Physiology.

and Psycholo.ey, Utlirer.sit , of
111itrois, Urbana 61801

t-TANS GNGs -rit6M
Deparlinew of Otolat_i-n ology,

llrrirersity of Uppsala,
Uppsala, swedcll
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11. 11. Lii)deman and C. Bredberg

Bioacoust.ies Research Laboratory, Depart ment of Electrical Engineering, University
of Illinois, l?rbana, U.S.A. (Head: H. 11'. Ades, Pit. D.)

Department of Otolaryngology, Rikshospitalet, University of Oslo, Norway
(Head: 1'. Bel-dal, M. D.)

Department of Otolaryngology, Akademiska Sjukhuset, University of Uppsala,
Sweden (Head: H. Engstrom, M.D.)

Received March IS/.June 20, 1972

Summary. The organ of Corti of cats, guinea pigs and chinchillas exposed to
pure tones of high intensity were first mounted on a slide in glycerol and mapped
with light/phase contrast microscopy. Subsequently the same specimens were rinsed
in wate r , freeze-dried and prepared for scanning electron microscopy. The study
shows that it is well possible to use the same preparation for light microscopic
and scanning electron microscopic investigations. S( •alming electron microscopy
permits detailed studies of the su rface topography of the organ of Corti and demon-
stratcs structurtil changes not v isible in light/phasecontrast microscopy. T he changes
are found on both inner and outer hair cells and include disarrangement of hairs,
fusion of stereocilia and the formation of giant hairs, which exceed the normal Stereo-
cilia in length and thickness. The giant hairs are seen most frequently in eats
following low frequency exposure. \lorcover, the cuticular plates of the sensory
cells are often extensivelN . deformed. It is doubtful if these cell., (vinich nuty loolc
normal as studied by Iight , phase contrast ntic •roseopy, are still functional. In aroas
Showin g epithelial danutge an increase in the nunnber and sire of the microvilli of the
Deiters cells is often found.

* 'this work was supported by the National Aeronautics and Space Administra-
tion, NASA Cram: Nlll, 1 . 1005074 Nthilc llto anchors were under appointnu • nt to
the Bioacoustics Research Lahoratory at. the University of Illinois, Urbana,
lllinois,U.S.:^.'1'hc authors tvool(l also like to acknowledge rite coolu • rrttion of p rofos-
sot• B. Vincent Hall, Ilcad of tho Center for Electron Microscopy al that inslituti m.
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Com,pa risen of crlflf-C, ra tios and C,itiCal bands inlit ,., m(:)nr^. u_,-l1
13 ^ d,l : it li tl±^a
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The major purpose of this study was to compare mcasures of critical ratios and critical bands in
monaural chinchillas. Critical ratios were obtained fr ,, rn two groups of chinchillas tested at 0.5, 1, 2,
and 4 kHz in each of three levels of broad-band noise. Critical bands were obtained by assessin- the
values of masked threshold in various narrow bands of noise centered on each test frequency. The
measures of critical ratios and critical bands were found not to be parallel as a function of
frequency, as is the case for human subjects. The present data were compared to those reported for
the monkey anti were found to be in essential agreement.

V. $UMMARY

Experiments designed to obtain the relationship be-
tween the critical ratio and the critical bandwidth in the
chinchilla constitute the major portion of this investiga-
tion. The assumption that the critical bandwidth is 2.5
'times (4 dB) larger than the critical ratio was supported
at frequencies of 0. 5 and 1 kHz. However, the expected
relation between tlic critical ratio and the critical band-
width was not found at 2 and 4 kHz. At these test fre-
quencies, the difference between the critical ratio and
critical bandwidth were 0 dB at 2 kliz and I dB at 4 kHz.
It was also shown that these results were very similar
to those obtained in a study using monkeys rather than
chinchillas. At this time, no explanation can be offered
for the discrepancies found when comparing data ob-
tained in human experiments to those data obtained in
studies using animal subjects,

The major findings of this investigation are:

(1) Manipulation of false-alarm rate induced a I to
4-dB difference in critical-ratio size.

i
(2) The band-narrowin g, technigUe appears to be an ad-

equate method for obtaininn critical bands in a free field
using monaural chinchillas as subjects,

(3) The function relating direct and indirect measures
of critical bandwidth appears to depend upon unknown
subject variables. Specifically, the increase in the crit-
ical ratio as a function of test frequency is greater for
the chinchilla than it is for titan.
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The major purpose of this study was to compare measures of critical ratios and critical bands in .
monaural chinchillas. Critical ratios were obtained from two groups of chinchillas tested at 0.5, 1, 2,
and 4 k1lz in cacti of three levels of broad-band noise. Critical bands were obtained by assessing the
values of masked threshold in various narrow bands of noise centered on each test frequency. The
measures of critical ratios arid 	 bands were found not to be parallel as a function of
frequency, as is the case for human subjects. The present data were compared to those reported for
the monkey and were found to be in essential aoreemcnt.

Subject Classification: 65.58, 65.75; 80.50.

INTRODUCTION

In 1940, Fletcher proposed the critical-band concept
to account for data obtained in certain masking experi-
inents. The concept is now extremely important for an
understanding of auditory frequency resolution. Hence,
it is relevant to many aspects of hearing, including per-
ception of pitch and loudness, frequency discrimination, .
musical consonance and dissonance, poststimulatory
fatigue, and discrimination of harmonic content of com-
plex signals.

Scharf's (1970) review of the critical-band literature'
emphasizes the constancy of various behavioral mea-
sures of frequency resolution. 1^,vo of the methods are
of concern here. One—an indirect method—yields an
estimate of the critical bandwidth and is called Lhe crit-
ical ratio. To obtain the value of the critical- rati6, one
simply determines the threshold of detectability of si-
nusoidal signals prec;cnted in a bacl •ground of broad-band
Gaussian noise. Adopting Fletcher's assumption that
the signal is detectable when the power in the si;-nal is
equal to the pottier in the critical band, one needs only
to subtract the spectrum level of the masker from the
level of the threshold signal. Data obtained in many lab-
oratories suggest that the size of the critical ratio is
directly proportional to signal frequency for tonal sig-
nals above apnroxirnately 800 YLz (Scharf, 1970).

The second method of primary concern for this in-
vestigation is considered a "direct" method and requires
the subject to detect tonal si-nals in various bandwidths
of Gaussian noise. DaUt from there ex periments show
that masl:ed thresholds remain essentially constant in
bands of noise that are of "critical" width or wider.
However, masked thresholds decrease in bands of noise
that are tiarro^.,er than the critical width.

Possibly because of the ease with which the critical
ratio call 	 neasured, most invcstil;aturs have utilized
tho indirect metllud to estintate critical bandwidth in an-
imal:.. Gourevitch (19 7o) cotl'itcd critical-ratio data
from :studies on porpoises ( ohnis;on, 1968), rats
(GOUrOvitch, 1965), chinchilla:; (Miller, 19G4), cat:;

(Watson, 1963), and man (Hawkins and Stevens, 1950),
and showed these critical-ratio functions to be similar
to one another. The animal critical ratios as a function
of frequency are roughly parallel to man's, with the
porpoise and man having the smallest critical ratio, fol-
lowed by those measured in the cat, chinchilla, and the
rat in order of increasing size. The data indicate that
these animals need a larger signal-to-noise than man in
order to detect the presence of a pure tone in a back-
ground of broad-band noise. One implication of these
parallel functions is that the critical--band mechanism in
animals is similar to that of man. A second is that, be-,
cause these animals have larger critical ratios, they
also have larger critical bands and, therefore, poorer
frequency-resolving ability than man. Also, these data
have been interpreted to mean that the various measures
of frequency resolution are related in a manner that is
consistent across species.

For humans, the indirect (critical ratio) and direct
(critical band) measures are simply related: the criti-
cal band is about two-anti-one-half t.ines greater than
the critical ratio over a. frequency range of approxi-
mately five octaves (Zwicker el al. , 1957). Since the
critical-ratio data are similar across species (tile func-
tions are roughly paratli^l), it is tempting to assume
that the relationship between the critical ratio and the
critical band is also sirnilar across species, i.e. , that
in animals as ;;ell as in man the critical band is two-and-
one-half times larger Lhan the critical ratio. One por-
tion of this study was directed at this issue. Critical
bandwidths were measured in chinchillas by one of the
direct inethods—so that they could be compared with
critical-ratio measure.-.

The psychophysical yu•ocedua• e (modified method of
limits) used in obtaining most critical ratio clata from
auin:als, ho% ,«ver, dcxs not permit separation of b -
hsvioral criterion and WditOry sensitivity (Millcr rl al.,
1963). Animals are typically trained ill ;t ltlann-^r that
establishes a very coro;ervative decision rule resulting in
l tAV occurrences of faisc-alarni responses (for exarnpl,!,
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see gchusterman, 1974). The extent to whir..h the ob-
tained differences in estimates of the critical ratio

'I

	

	 across species may be accounted for by differences in
criteria is unknown. t

The second portion of this investigation included vary-
ing a reinforcement parameter to determine the effect
on the critical-ratio estimate. 2 It was expected that an
increase in false-alarm rate would result in a "lower"
threshold and smaller critical ratios. In addition, it
seemed possible that an unbiased measure of sensitivity
could lead to a "better" measure of critical ratio be-
cause it would be unaffected by fluctuations in response
criterion.

The motivation for making these comparisons is quite
j simple and direct. Results of auditory experiments
performed on animals are often used to make inferences

iabout the human auditory system (Greenwood, 1961b).
To the degree that the critical-band measures depart
from what is known about human performance, one may
have to qualify many generalizations, including the eo-
tion that a cochlea found in one animal is a scale version
of a cochlea found in another (von 136 1,esy, 1960, pp.
500-510). While this particular realm of audition is
richly endowed with data that permit and, indeed, en-
courage extrapolation across species, we believed that
more detailed information would enable one to do so on
a firmer foundation.

1. GENERAL f^IETHOD

did not respond to tones that were near their threshold,
while the low-false-alarm animals (group II) received
only a buzz when they did not respond to tones near their
threshold. This procedure was followed throughout all
of the threshold measurement sessions of the trainin-
period for all of the test frequencies. At this point, only
gross estimates of an animal's threshold were used.
These estimates were based upon threshold measures
that had been obtained in previous experiments conducted
in this laboratory (Ades et al., 1974).

2. Threshold measurements

Thresholds were measured using a modified method of
limits. A sequence of trials was used to obtain the
threshold value. On the first trial of the sequence, three
750-cosec tone pulses were presented at an intensity lev-
el of about 75 dB SPL.. If the animal responded, the in-
tensity was reduced by 20 dB for the next trial. This re-
duction of the stimulus intensity in 20-dB steps was con-
tinued until the animal failed to respond. Then the in-
tensity wa* raised 10 dB. If the animal did not respond,
the trials were terminated for that frequency. If the an-
imal did respond when the intensity was raised 10 dB, the
the intensity was lowered in 10-dB steps until the ani-
mal failed to respond. Then the trials were terminated
for that frequency. The threshold was defined as the
average of the lowest intensity at which the animal re-
sponded and the highest intensity at which the animal
failed to respond.

A. Procedure

1. Training

Six chinchillas with left cochlea surgically destroyed
# served as subjects. The animals were trained in quiet
using an avoidance techni q ue similar to that employed
by Miller (1970). Each animal was given a 2-sec, 1-kHz
tone pulse at about 75 dB SPL every 2 min. One 2-sec
tone pulse made up a trial, ten trials were given in a
session, one session was given per day, and animals
were trained seven days a week. If an animal did not
respond by crossing the barrier in the cage by the time
the tone pulse was terminated, a loud buzzing sound and
brief pulses of shock were presented simultaneously un-
til a response was made. This procedure continued un-
til each animal avoided shock on at least 707o of the tri-
als. Then the intertrial intervals were changed from
2 min to a random sequence with a mean of 19. 7 se C3,

and the measurement of thresholds at 1 kliz was begun.
After a few thresholds had been measured at 1 kllz, the
stimulus presentation was changed from a 2-sec pulse
to throe 750-msec pulses with a 250-msec interpulse
interval. Additional test frequencies were introduced
until the four test frequencies used for the study 70. 5,
1, 2, and 4 klIz—had been run several times [or prac-
tice. Two groups of three animals each wero trained in
a planner expected to produce differential rates of false-
alarut responses—a false-alarm response being defined
as thr: animal jumping over tho barrier during any inter-
trial interval. This was done in the following manner.
When threshold	 the hi-h-false-
alarm animals (g	k.roup 1) received shock. ;";hcnevcr they

II. MEASUREMENT OF CRITICAL RATIOS

: A. Apparatus

A film reader with a pre-punclied tape was used to con-
trol an R-C timing circuit with relays. This timing cir-
cuit controlled an electronic switch that produced a gated
output with a 50-msec rise/decay time. A sinusoid was
fed to the electronic switch from an oscillator whose out-
out was monitored by a frequency counter. The output of
the electronic switch was fed through an attenuator to a
resistive mixer. The output of a thermal noise genera-
tor passed through a second attenuator before being led
to the resistive mixer. Mixer outputs were amplified
and sent to a loudspeaker through an impedance-match-
ina transformer.

B. Soun;!-field measures

The sound field was measured at 24 positions within
the experimental cage using a condenser microphone
and wave analyzer. These measurements showed the
sound field was relatively flat up to about 10 1:112. and
then dropped off rapidly. Three levels of broad-band
were employed. In terms of the electrical signals ap-
plied to the loudspeaker, the spectrum levels were
equivalent to 5, 15, and 25 dB SPI.. Because of minor
nonuniformities in the power spectrum measured in the
sound field, each spectrum level used to calculate the
critical ratio was determined in the test cage by moni-
toring the noise through octave-band filters centered at
each of the test frequencies. These measure , were felt
to b0 1ccur,lt(1 as theN • varied ;u:r055 frequency in the
same ni mact' as did the sound-pressure level of pure
tones of constant-voltage input to the loud: pecd:cr.



111 1,	 ea ccritical Tatlos and correspondtn. .standard
devf •.itirms obtained in critical ratio experiment. The data are
reported for the high-false-alarm group (f), low false-alarm
group (II), and I and II combined.

Frequency in kilohertz
0.5	 1	 2	 4

x	 SD	 x	 SD	 z	 SD	 i	 SD

OroupI(N-3)	 16	 1.7 • 18	 3.6	 24	 4.2	 29	 4.2

Group If (N = 3)	 17	 5.7	 21	 4.6	 25	 2.0	 33	 4.3

Group I arid 11 Lv =6) 16	 4.1	 19	 4.3	 25	 3.3	 31	 4.7

V. Masked thresholds in broad-band noise

Both the test frequencies and the order in which the
animals ,ve:re tested were randomized. In each session
-the thresholds at each test frequency were measured in
(three levels of wide-band masking noise. Subjects were
tested twice a day, seven days a week_ ELN threshold
measures were taken at each of the test frequencies for
Bch spectrum level. Then critical ratios were calcu-
lated for each of the three spectrum levels for each sub-
ject and then averaged across subjects separately for the
LiFlh- and low-false-alarm rate rrroups.

I
t

D. Results

Table 1 shows the .critical ratios obtained from the
critical ratio e%-periment. The results show that the
high-false-2-1 rm group (group 1) produced critical ratios

4hat -were sli hily smaller than the critical ratios of the
J1w-false--.-Llarrn Droop (group II).

E. D1scu-,sion

Earlier it 'wa.s suggested that the critical ratios re-
ported by Gni)rezdtch (1070) may have been "inflated" be-
cause the animal subjects were trained to maintain a
lo^v-false-a l , m rate- 'We expected that if animals were
trained to have a high-false-alarm rate, a smaller crit-
ical ratio could be obtained than if they hail been trained
to maintain a long-false-alarm rate. The data in Table I
snagest that the differences in training may have pro-
duced a difference in critical-ratio measures. Brat,
again, the differences. are very slight, averaging about
2 s1B. Reed and Bil-er (1973) report differences of the
same magnitude in critical-ratio measures obtained from
humans tested in criterion-free and criterion-dependent
paradifn1s.

If we aasume the critical band to be t-wo-and-one-half
Vines iar-er than the critical ratio in animals as it is in

TABLE III. Results of the critical hand experiment for group
1, group If, and group I and II combined. The following data
are given for each to ;t frequency: masker handw1,1th W%V) in
Hz, mean masked threshold (r) for each MV in dB SPL, stan-
dard deviation (5D) and approximate critical Lund (CB) in Hz
i(for combined groups only).

Group I Group If Group 1 :rnl 11
BW z S1) z SD X SL)

0.5 kHz 710 48 7.636 54 8.308 50 8.476
Approx. CB = 500 700 50 4.87.1 53 6.665 51 6.003

520 49 5.582 55 7.366 52 7.217
510 49 4.478 54 7.113 51 6.448
490 46 6.003 49 7.949 47 7.131
410 45 7.131 45 6.821 45 6.933
260 42 7.949 43 5.583 43 6.903

.. 160 42 7.554 46 5.772 44 7.000

BW z SD X SD X SD

1 kHz 600 59 9.473 63 6.448 61 8.333
Approx. CB = 500 550 .57 7.615 59 4.968 58 6.455

515 59 8.258 6 .1 7.796 61 8.334
480 58 8.329 58 6.448 58 7.453
425 52 8.425 56 4.479 54 7.022
390 50 7.071 52 5.241 51 6.377
280 51 5.000 53 3.716 52 4.511

BW i SD i SD i SD

2 kHz 1150 55 6.590 59 7.510 57 7.408

. Approx. C13=800 1050 57 6.768 65 8.817 61 8.810
650 54 7.554 56 4.157 55 6.155
550 51 8.291 51 6.155 51 7.306
500 55 6.503 52 5.846 53 6.442
200 49 7.870 48 5.521 48 6.776

BW i SD z 5D s SD

4 kHz	 2100 57 10.655 60 10.539 59 10.655
Approx. C13=1500	 2050 56 6.665 59 10.07a 58 12.236

1750 56 8.029 61 7.636 59 5.315
1600 57 8.257 57 5.982 57 •	 7.217
1450 51 7.753 54 5.951 52 7.0-19
800 49 8.259 .	 53 3.716 51 6.653
500 48 7.265 51 5.826 50 6.730
350 46 8.291 47 7.179 46 7.736

humans, then the critical bands can be estimated from
the data shown in Table I. This is done by taking the
antilog of the critical ratio and multiplying it by 2.5
(Scharf, 1970). Table II shows critical bandwidths es-
timated in this way. These estimates were to be used
as a general guide for determining bandwidths in the
critical-band experiment.

111. CRITICAL BAND EXPERIMENT

A. Apparatus

The electronic equipment and setup were similar to
that used in the critical-ratio experiment, except the
noise was filtered before being added to the signal. The

1ADLE I1. Mean critical ratios (in decibels) and estimated critical bands (in kilohertz)

. _. _.... ,- Frequency in kilohertz I
0.5

1 2 4 i

CH in (111 C11 in Hr. CI: in (111	 CII in li z CR in d13 Cti in llz CR I n (In C6 in 114

Croup I (:J_. 3) 1S 100 16	 160 V 24 630 29 2000

Group 11 ("; 	 3) 17 125 21	 315 25 790 33 5000

Group 1 And I1 (N' _-(i) 1G 100 19	 200 25 790 31 3150
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I^G. 1. 'Mean masked thresholds of a 4-kHz pure tone as a
function of the narrow-hand-noise maskers. To obtain the criti-
cal bandwidth, one line was drawn.hetween the "unchanging"
thresholds and one line was drawn through the decreasing
thresholds. The intersection of the two was defined as the crit-
ical bandwidth, avbich, for this frequency, was approximately
1500 112.

experimental room for the critical-,band experiment was
different front the one used in the critical-ratio experi-
xnent. The .sound field in this room -vas also measured
at leach of 2-1 positions -vitbin the experimental cage.

B, MasRed thresholds in narrow band anise

All noise bandwidths used in Ibis experiment were
rnea.sured in the sound field, and the spectrum level of
the noise in the band was equivalent to 25 dB SPL for all
b.tndwidtils. Thresholds -were obtained for each of four
test frequencies in six to eight bards of noise centered
'at the appropriate test frequency, ,Subjects were tested
twice a slay, seven days a week, and were tested in tile
sm-e order every session_ Thresholds were measured
until six stable estimates were obtained for each band-

i avidth_ There -vas no attempt to randomize conditions.

:C, Results

The principal results are presented in Table 1II.
Wean masked thresholds and measures of threshold vari-
ability are presented for each of the narrow-band mask-
ers. Data for each of the four test frequencies are
shmvrx separately for each group. It should be noted that
♦1suai inspection of data plotted similarly to those shown
in Fig, I revealed no differences in approximate critical
bandwidths for the two groups, For this reason, data
were averaged ,over both groups to compare critical ra-
ties and critical bandwidths, Figure  1 shows a plot of
the mean data for 4 J01z for the combined groups. The
mean thresholds are plotted as a function of noise band-
width, and the lines throuz,h the data points were fitted
by eye,

Note in Table Ili that the critical bandwidth increases
as a funcliun of frequency for frequencies greater than
or equal to 1 Id1z, Thu;, the data obtained by measur-
ing masked threshold.; in various barndwiciths of noise
:it;rce -with data .obtained on human subjects in many ex-
periments designed to measure critical bands. To em-

phasize this comparison, our data are plotted in Fit;. 2
(filled circles) along with data reported by Scharf (1970,
p. 161). It should be pointed out that, although the chin-
chilla data points appear to be parallel to those obtained
in humans in the frequency range from 0.5 to 4 kHz, this
may not be the case at frequencies about 4 kHz. More
data above 4 k1Iz are necessary to evaluate the form of
the function in the high-frequency region. However, it
seems probable that standing-wave patterns in a sound
field at high frequencies would complicate those mea-
sures.

IV. GENERAL DISCUSSION

One purpose of this study was to investigate the rela-
tions betw een the critical ratio and critical band in the
chinchilla. Figure 3 shows the critical ratios (groups I
and II from Table I), the critical bandwidths (in decibels)
as a function of frequency, and additional critical ratio
measures that will be discussed later. Note that the dif-
ference between the critical ratios (filled circles) and
critical bandwidths (open circles) is 11 dB at 0.5 kHz,
9 dB at 1 1.1Iz, 4 dB at 2 kHz, and 1 dB at 4 kHz. These
data do not appear to show the same relationship between
the critical ratio and critical bandwidths as reported by
Zwicker el al. , (1957), and discussed by Scharf (1970).
That is, the critical ratio and critical band do not differ
by a factor of 2.5 (or 4 dB) as a function of frequency.
The large differences between the critical ratio and crit-
ical bandwidth at the lower frequencies were particularly
surprising.

Because of this apparent discrepancy, a thorough ex-
amination of the apparatus and procedure was carried
out. Careful inspection of thresholds -neasured in other
groups of chinchillas tested in this laboratory revealed
a tendency for the threshold measures to increase (i.e,,
delectability was degraded) over as many as 20 mea
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FIG. 2. The critical bandwidth as a function of frequency for
chinchilla and man. The unconnected solid circles are critical
lxutdwidths for the six chiuchillas tested in thi : study, All the
other data lu0ints were ubtaint • d from hUIII:Ln subjects. Thu
solid line is from Z%vicker et al. , (1957), trian,;les from
Greenwood (1961 square, from S(. lsirf (1970), and opcn cir-
clos from liav;kins and Stovens (1 1. 1 50). [Adalltt^d from Scharf,
1970, P. 161.1
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fFiG. 3. Comparison of the critical ratio MR) and critical
bandwidth (CB) in decibels as a function of frequency. The-data
shown here are based upon means. The open circles represent
critical bandwidths obtained in :this study.converted .to  decibels.
The solid circles represent the mean.cxitical r.tios.fromTable
I (groups Land II), -while the horizontal dashes.a:re-_+:one stan-
dard deviation for the data :points represented by:the solid :cir-
cles. The triangles are the critical -ratio data obtained from
subjects in this ztstclyaftex they:b_ecame.we.l1-;?racticed (see
text).

sures at aizy particular 1zequ2nsry far a-ny atiixxtal. The
increase in flare shold Nvzzs ,appx9Xi wat ely L--7 ^B -whether
measured in quiet eor xn uoise. 'T-tus lihettQZnenon was
noted in four Separ<-.de groi?p:s ^61 ;aaitaals., ,aud eJirii:na-
tion of vaxious ftypottaesQS resulted in :the cvoclusion 1-that
the degradation in performance : efleated stabilkzaticrn of
a strict response cxiterion 9:n the •.part sat the -,animal..
For other reasons., sis =re measures 01 critical ratios
at each frequency lead been ^olataiaed air marry ttu'estteld
measures had bees- iaLea in narrow bead mise.. These
data (plotted as triangles is Fig. 3) r-le.arly ;imui ate in-
creases in thresholds (.larger eritiea xatios) at i0..5, 11
and 2 kliz. Further, the latter measure.s a. e co.n the av-
erage within about 1 4B of those reported.by 11iller
(1964, cited in Schaaf, 1,70), Tlierefoie, it is indicated
that stable measures of threshold tutiiix%ng the method of
limits must be obtained fxom. -weJJ-.p.ractjed sub ects..

With these arguments in wind, like uscussiou -will fo-
cus on the data collected from -well-;practiced subjects..
Note that the critical ratios (triangles in FiU.:3) and
critical bandwidths are :not parallel fl1nti0.t1S of fre-
quency in the chinchilla .as they are in man.. 'Tbe clireet
measure of the critical bandwidth ,,does :-.tot inexe.ase as
rapidly with an in-cre.ase in fseclueucy :as does the rxiti-
Ical ratio,

At this point, no aclegralte e,,.•plauativn ccau ;,be off erad
for these results, However. there .ar.e ,other ,data .that
are in line with ilicse observations.. ,Goteread:tcli ;U..T70)
measured critiefil. b.audwidl.lis 1t 1 and 5) WIZ, in monkeys
(M. nen:estrilia) using the band-Harrowing proceclure..
If the critical-b:,uid data collected on nto.akeys .a;ro pre-
sented in the ford; used iii this utucly :(in,clee ibeLS), the
function relating .critical railo .and crillcati bandwidth to
frequency in the monkey is virtually ide.t.ttical.to  :that
found in the chinchilla. Mure .specifically ,, at 1 JWZ :talc
critical ratio is 18 clB and iho critical barichvidlh is
22 (111 nr ,i A-,11t	 Al 5 1Llfi	 dhr, r• riti -nl raa_

.tio and critical bandwidth are both 31 dB. At the pres-
ent time, it is not possible to explain the similarity be-
tween the two animal studies and the differences they
show in relation to the human data.

There is some disagreement in the literature about
whether the b,tnci-narrowing paradigm is, in fact, a valid
:methodological approach for clefining the critical bandwidth
(Bos and de Boer, 1966). These authors maintain that
for harrow bandwidths the masking noise and signal are
:so similar that a difference linien for intensity is mea-
sured. This is because of the amplitude fluctuations
:that are present in narrow-band noise. These fluctua-
tions and the tonal-like quality of the masking noise are
.supposed to result in critical-band measures that are
highly unreliable. Bos and de Boer (1966), using human
Subjects, showed that masked threshold and intensity
-difference limen vary similarly as a function of band-
-width, particularly within the critical band. They con-
eluded that the band-narrowing type of experiment is un-
suited for measuring the critical bandwidth.

. ''his conclusion may be unjustified, however. Bos
and de Boer (1966) have criticized the results of some
a the band-narrowing studies on the basis that the re-
ssults of these studies do not coincide with the "generally
;accepted values" of the critical band, which were es-
tablished by Zwicker, et al. (1957) for humans. Actual-
ly., there are only three band-narrowing studies (all
,utilizing human subjects) that do not fit the "generally
accepted values" (Fletcher, 1940; Schafer et al. , 1950;
wets et al. , 1962). Fletcher's (1940) data were very
limited and little is known about what he actually did.
Schafer et al. (1950) had their subjects match the tone
laid the noise in pitch so it is cliff icult to know exactly
-what frequency was used at any bandwidth. Swets et al.
('(1,962) measured their critical bandwidths on the assump-
tion that the internal or auditory filter was either rcct-
:axgular, Gaussian, or single-tuned, and arrived at dif-
ferent critical-band values for each assumed internal
lilt er.

'Tliere are also three band-narrowing studies (also
,utilizing human subjects) that have obtained values of
9ritical bandwidths that are similar to the "generally ac-
cepted values" of the critical band (Hamilton, 1957;
Ci-eemvood, 1961; van den Brink, 1964). Hamilton has
,.pointed out that the small differences in measurements
xesultlno from different experimental methods and filter
characteristics can yield large differences in critical
1b..and values—even in experiments of the same type.
wets el al. (1962) point out that "... it seems unlikely
that .all of these experiments are measuring Me critical
;band, a fixed property of the auditory system that exists
independent of experiments. It seems more reasonable
tto :suppose that the parameters of the auditory system
zxc not fixed, specifically, that they may vary from one
sensory task to another. , ," (p, 1.09). And, Scharf

!(119'70) has concluded that "... niaskinl; by narrow-band
1140ise c,in provide -1deduatC estimates of critical band-
width as evidenced by the overall at;reenient of Gruen-
,,wood's, fLiniitton's, and van cicn Brink's measures with
Al-the other neasures of the critical band" (pp. 167-
lettYL—



We have also considered possible errors in our esti-
niates of behaviorally measured critical bandwidths due
to the resonance properties of the external ear.' The
function relating the relative Gain in sound-pressure
level at the eardrum to the pressure in a free field for
the chinchilla is quite similar to that found in man (von
Bismarck, 1967). One could argue that critical ratio
estimates could be in error because the spectrum level
of the masker was specified by a free-field measure and
was not the expected value at the eardrum. However,
the sound-pressure levels of the sinusoidal test signals
were measured in precisely the same manner as the
noise spectrum levels and any gain in pressure over the
relevant frequency regions could leave the signal-to-
noise ratio unaffected. Obviously, one must know the

critical bandwidth to decide whether a measure is se-
verely inaccurate. On the other hand, one could argue
that the band-narrowing technique could be contaminated
because of inhomogeneous amplification of the spectral
components of bands of noise. Consideration of these

,issues led to the conclusion that difficulties of this sort
:-would lead to peculiarities in the plot of critical band-
width as a function of frequency. Instead, the chinchilla
!data presented in Fig. 2 are quite parallel to those mea-
sured on human subjects -who wore earphones. Conse-
quently, we tentatively conclude that the band-narrowing
procedure is an adequate method of obtaining critical-
band measures in animal subjects.

V. SUNIMARY

Experiments designed to obtain the relationship be-
tween the critical ratio and the critical bandwidth in the
chinchilla constitute the major portion of this investiga-
tion. The assumption that the critical bandwidth is 2.5
'times (4 dB) larger than the critical ratio was supported
at frequencies of 0.5 and 1 kHz. However, the expected
relation between the critical ratio and the critical band-
width was not found at 2 and 4 kHz. At these test fre-
quencies, the difference between the critical ratio and
critical bandwidth were 0 dB at 2 kHz and 1 dB at 4 kHz.
It was also shown that these results were very similar
to those obtained in a study using monkeys rather than
chinchillas. At this time, no explanation can be offered
for the discrepancies found when comparing data ob-
tained in human e_.j)eriments to those data obtained in
studies using animal subjects,

The major findings of this investigation are:

(1) Manipulation of false-alarm rate induced a 1 to
4-dB difference in critical-ratio size,	 i

(2) The band-narrowing technique appears to be an ad-
equate method for obtaining critical bands in a free field
using monaural chinchillas as subjects.

(3) The function relating direct and indirect measures
of critical bandwidth ap pears to depend upon unknown
subject variables. Specifically, the increase in the crit-
ical ratio as a function of test frequency is greater for
the chinchilla than it is for man.
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'Any complete investigation of this issue will probably be tedi-
ous and difficult. Both placement of criterion and variance in
the placement of the criterion will affect performance in a
manner that would degrade the animal's ability to detect.

2 Aleasurements of detectability were also obtained in a paradigm
that allowed for assessment of false-alarm rates so that sea-
sitivity and criterion for responding could be studied indepen-
dently. These data will be reported in a future article. Suf-
fice to say that variation of the reinforcement parameter did
indeed result in changes in false alarm rate.

3The intertrial intervals then occur with the following probabil-
ities: 10 sec, p = 0.13; 15 sec, p = 0.3 - 20 sec, p = 0.3; 25
sec, p = 0.13; 30 see, p = 0.06; 35 sec, p = 0. 03; 40 sec, p
= 0.03 (Miller, 1970).

4Wc than]: one of the reviewers for su--sting that the sound
pressure transformation function should be considered when
one discusses the relevant bandwidths of the physical stimuli.
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THE EFFECT OF NERVE GROWTH FACTOR (NGF) UPON AXOPLASMIC
TRANSPORT IN SYMPATHETIC NEURONS OF THE MOUSE

J	
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Dzparnuun1 of'Biorh-mislry, University ofIllinois, Urbana, 111.6/801 (U.S.A.)
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SUMMARY

To study a possible agent which controls axoplasnlic transport, the rates of
transport were examined in postganglionic sympathetic neurons in adult mice which
had been treated With nerve growth factor (NGF). Rates were measured by observing
the movement along the nerve of a front of radioactive material after ,I intm-
ga nglionic injection of L- [4,5- ;3 H]leucIne. The faster of two rates observed in female
mice increased from a control value of 1.22 i 0.48 mm/h (N 15) to an experimental
value of 1.83 ± 0.53 nun/h (N = 16; P < 0.005) 17011OWlllg the intrMlluSCUlar injection
of a total of 34,ug NGF/g body wei g ht. In contrast, the same treatment caused the
slower of the two rates to decrease from a control value of 2.32 ± 0.81 mm/day
(N = 12) to nn experimental value of 1.63 ± 0.70 mm/day (N = 12; P < 0.05). The.
rate of slow transport was also examined in male animals. Untreated male iniceexhib-
it a lower rate of slow transport (1.08 ± 0.38 nlnn/day; N _ 9) than do untreated
females of equal age (P < 0.001). The result that nerve growth factor increases the
rate of the faster phase of transport, and decreases the rate of the slower phase, indi-
cates that this protein exerts a selective effect on transport.

To obtain an independent measure of the influence of NGF, the extent of in-
corporation of L- [4,5-3 H]leucine into tissue proteins of excised stellate ganglia was
assessed after 1 h in organ culture. Animals treated with NGF showed increased in-
corporation Of tritiated leucine. Incorporation of radioactive leucine was correlated
with the rate of transport in both control animals (r = 0.61) and animals treated
with NGF (r = 0.67). Within the framework of normal biological function, NGF may
exert a controlling influence on both phases of axoplasnlic transport in sympathetic
postganglionic neurons.

• Present address: Division of Neurology, Duke Univcrsily Mcdical Center, Durham, N.C. 27710.
** Alfred 1 1 . Sloan I :cllow in Neurosciences, 1972-74.
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Ades H W
INTRODUCTION

Anatomical analysis of the effects of wide-band white noise presented
at intensity levels of 90, 95 and 100 dB was investigated utilizing
chinchillas exposed to the noise over a time period ranging from one
to ten weeks. Noise exposure at these levels causes changes in the
normal structure and pattern of the organ of Corti. The changes are
evaluated using the surface preparation technique as reviewed by

Engstrom, Ades and Andersson (1) and compared on the basis of intensi-
ty and length of exposure.

EXPERIMENTAL.

Wide band white noise ranging from 100 to 100,000 Hz with a 3 dB per
octave rise and a 12 dB per octave fall was utilized in a free-field
exposure within a non-sound-absorbing room. The animals were allowed
to move freely in individual cages mounted on a portable rack. Daily
rotation of cages was performed to avoid positional variables. Ten
chinchillas were exposed to each of the three intensity level condi-
tions. Each daily exposure was continuous for eight hours with a six-
teen hour non-stimulus interval. At weekly intervals, one animal was
removed from the exposure and thus a range of damage criteria was
established over the period of one to ten weeks. After a sixty day
post-stimulus recovery period the animals were sacrificed and their
ears analyzed for hair cell damage.

ANALYSIS

Evaluation of hair cell damage throughout the entire organ of Corti
for cacti of GO animal ears was accomplished by direct analysis utiliz-
ing light microscopy. Data for each ear was compiled in a computer
program which produced a plot in the form of a cochleogram. Both
intensity and exposure duration variables were compared on the coch-
leograms. Damage was quantitated by assigning each hair cell to a
1-7 scale corresponding to various morphological-histological parame-
ters.



In addition to the foregoing, there are five graduate students
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David Gilchrist:	 "The Innervation of the Normal and Noise

Damaged Chinchilla Inner Hair Cell as Studied by Serial Electron Micro-

graphs."

27William H. Seaton, M.S.:	 " Critical Bands in Impaired Ears."

There have been students through the years (too numerous to

mention) who have worked on special projects using this laboratory,

thus adding more interested individuals to the field of endeavor, and

who will ultimately participate in education and/or public service.
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This paper deser • ihos a .•tuck of the nunphology of normal and pathologicall y allcred
spiral gan(dion evils. Embryol,gy. anatona^' and Iiktolo I_Y ,f the spiral nnrlion
are rcvic• eefl. itwl the tilt rastructitrc of Ih • spiral ganglion rolls is (Ii.sc•ns.<rd in , III itil.

Special attention is caeca to the satellite cell sheath and Io the various inclusion

bodies. Although only' it few species have been sinclied so far. taco difYcrenl ganglion

cell t , pcs have ht-c•u di,tinguished in several animals with respect to cell size, nivelin
sheath •tvp	 ue and character of perikarvun. 1 • nfornuatcl.. the two cell t y p	 arees	 not
alike from one species to the other. Onl y in tile gminea pi" is the difference between
the two cell t y pes so distinct as to provide it basis for experimental work. Ili this

Species the unniYeiinated cells comprise to e ';, of the total cell population. Tile, are

silialler in size than the In , elinated cells. and I picall , displa y a fine. filan uichurs
pcvil<ar^al stru c ture. The y are casil^- recognized in phase cmitrast sections.

The patholo_e of I he peripheral cochlear licilron., folios\ in (1:1111a p . to t he cod organ

has heat studied in ILIlillen pi <. In animals r.Xposed to inipillse noise and in animals
injected kith kanaimcin, the extent of the damage to the organ of Corti has been

assessed by the surface specimen tec • hniclue and has hero compared kith damage
it1 corresponding spiral ganglion areas as seen in phase c •onlr:asl sections and by

electron microscopy.

Animals exposed to the damaging effect of faun -shots showed heavy damage to
the orpil of Corti. foliuwed by retrograde degeneration of the peripheral neurons.
proceeding evutralk- to involve the spiral ganglion Cells and eventuall y the nerve.
fibres of the acoustic nerve.

In kanam cin-injected animals, tilt- prueess of degeneraiiorc is progressive over
a considerable period. The damalte to the spiral ganglion in maxiuud in the apical
region. This drug appears to have a direct toxic effect ou the spied ganglion cells
as well as on the hair cells of tile organs of Corti.

In regions where all outer hair cells. but no inut-r liair veils have been destroyed,
there is usually a negli g ible loss of neurons in the corresponding area of the spiral
ganglion. however, Ili a few speciluens. severe damage was noted anumg the mv.
elinated nerve fibers of the spiral osseous lamina, even though no loss of inner hair
rolls was seen.

In uo instance did the perecritarn • of lost uunivclintaled calls signil'ic • iuitlY exceed

the percentage of degenerated ill y clinatcd cells. 'I T ho^ • app-al , not to be pu•ticularl^
r elated to the outer hair cells. It can be concluded that. their behaviour following
noxiou, Stimuli is no diffcrcnt from that of their niw•linated counterpart..

'fhc prow.-of dt • coneialion a, it alicel, file 44-11 " 4 rile ytiral _• an_li,ai. i-do,cribcd
and illustrated. It is compared eaith tilt . I,rirn;u4- I,cizuu_ u, it i, oh,orecil in
spinal ganglion cell.. after Ic,i,ai, Io their iuoi:, or dendrite,

Tho eluc •stion as to ash y certain gam•Iion vvII, ,ura'ice ithile or hens die. rc•nuiins

unsolved. II is nut knoaan \chat chan_e, in file organ of (".Ili "Iri_;;er" tfat- caentual
degeneration of tilt- associated ncuions.

* Ref . 7
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NORMAL STRUCTURE OF THE ORGAN OF CORTI
AND T14E EFFECT OF NOISE-INDUCED COCHLEAR

DAMAGE

HANS ENGSn+ust, t HARLOW W. ADES' AND G. 13iosoBERC.1

I Department of Otolarpltolo,0y. C'nirnsirl o^ 1'ppsafa. Swollen wd 2 Dcl,mmrcut a/ lilcmiral
Ear,^incrring, Bioacousric Research La6oraror/ • , t'nirrrsitl of Illinois, UrLarta

CONCLUSION

Scanning electron microscop y has alread y added much infrinrtation to
our knosy lcdge of the normal anti the pathologicall y altered inner ear. We
arc at present preparing an cmensive review of the use of this technique in
the study of the labyrinth (Ades, Bredb(!rg and Engstr6m, 1970). Ades'
group at the University of Illinois has developed methods for data-proces-
sing the damage seen in the organ of Corti of experimental animals. 111 this
way, it is possible to srtuly in detail the degeneration of all cells in the organ
of Corti of an animal and to feed this information into a computer for
further evaluation, and thus to create degeneration curves for comparison
with other animals. The use of several techniques is necessary for an
understanding of cochlear morphology.

SUMMARY

A general survey is given ofthe normal structure of the organ ofcorti, as

revealed by phase-contrast and electron microscop y and in particular by
the use of the scaitning cleetron microscope. The ultr.rstructure of the
sensory cells is described in detail. The destructive cticcts on the hair cells of
exposure of guinea pigs to noise of various types is discussed.

A,	 rnrs

phis research has tern ponsored in part 1,^ the PhysioingicaI INychology Ilranch, 0tlice of
Naval kcscarcb, W'ashingnnt. I .C., oodcr Contract N000t4- (19-(:-uI14. An emnsive
portion gCthe scanning cic, Iron microscopy bas been carried out by IS. Engstrilm.

*Ref . 13
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THE SENSORY HAIRS AND THE TECTORIAL MEMBRANE IN THE

DEVELOPMENT OF THE CAT'S ORGAN OF CORTI

A Scanning Electron Microscopic Study

H. H. Lindeman' and H. W. Ades

From the Bioacoustics Laboratory, Dc •purtnrcnt of Electrical Engineering, Universit) , of

111mois, Urbana, Ill., USA

G. Bredberg and TI. Engstr6m

From the Department of Ololaryngology, Akademiska Sflr0111set, Uppsala, Sweden

Abstract. The surface topography of the organ of
Corti has been studied by scanning electron micro-
scopy. Newborn kittens of various ages as well as
adult cats were included in this study. In the newborn
kitten all the sensory cells have one kinocilium in
addition to the bundle of slereocilia. This kinociliun
most frequently is short and looks rudimentary; how-
ever, some of the kinocilia are even longer than the
longest of the stereocilia. The distal end often shows
a bulb-like thickening. Within a few weeks after birth,
all the kinocilia disappear. 7'hc relationship between
the outer margin of the tectorial membrane and the
epithelial surface has been investigated. In the kitten
the tectorial membrane is firmly attached at its outer
margin to the upper, free surfaces of the outermost
row of Deiters' cells. There is no such attachment
in the cat six weeks of age nor in the adult cat. This
may have functional implications.

This work was supported by National Aeronautics
and Space Administration grant NG1. 1 .1 005 071.
' Present address: Department of Olulnryngology,
Rikshospitalet, Oslo, Norway.
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COMPARISON OF HEARING THRESHOLDS AND MORPHOLOGICAL CHANGES

IN THE CHINCHILLA AFTER EXPOSURE TO 4 kHz TONES

H. W. Ades,' C. Trahiotis, 2 A. Kokko-Cunningham 3 and A. Averbuchl

From the Departments of Electrical Engineering,' Psychology, = and School of Basic Medical Sciences,'
University of Illinois, Urbana, 111., USA

(Received January 18, 1974)

Abstract. Behavioral, anatomical and histochemical
effects of acoustic overstimulation produced by a 4.,6Hz
tone were investigated. In each of five monaural chin-
chillas, high frequency hearing loss was produced which
was related to locus and extent of hair cell loss. Masked
audiograms were fairly consistent with those obtained in
quiet and the anatomical data on presence or absence of
hair cells. Histochemical and electron microscope exami-
nation of selected portions of the cochlear partition
revealed a series of changes in hair cells which may or
may not influence their functional properties.

Tones or noise of high intensity have been used
for many years to stimulate the ears of experi-
mental animals and thus to produce damage to
ear structures and changes in function of the
inner ear. Periodically, development of new
techniques for examining inner ear pathology
and for measuring inner ear function has per-
mitted the closer and closer correlation of the
physical characteristics of the stimulus, inner
ear pathology, and inner ear function.

The best of the older studies employed electri-
cal responses by inner ear elements or behavioral
methods to obtain measures of auditory acuity.
They related inner ear function with the familiar
parameters of acoustic input; frequency, inten-
sity, and duration of sounds used as stimuli.
However, in very few of these studies have ear
damage and ear function been studied in the
same animal after controlled exposure to sound.

The present study attempts to correlate these
three components as well as is possible with

This study was carried out under-grants from National
Aeronautics and Space Administration, NASA NGL
14 005 074, and National Institutes of Health Grant
Number 1 RO1 NS09983-01.

presently available equipment and techniques.
All of these are inevitably fallible. The "thresh-
olds" obtained from the conditioning method
used are simply the levels at which the animals
stopped responding. Whether or not they could

have responded at lower levels of sound is open
to unanswerable conjecture. The defense of the
method is the consistency with which they did
respond, and the differential effects with respect
to frequency of stimulus upon exposure to sound.

The anatomical methods are the best available
at present. Improvements have come through
the use of the surface preparation, aided by
examination of selected portions by transmission
electron microscopy and use of scanning electron
microscopy to survey larger areas. Each of these
methods has, at its best use, certain short-
comings. These can be minimized, but not elimi-
nated, by the judicious use of all the methods
in combination. Anatomical techniques, how-
ever refined, still have the unfortunate charac-
teristic that they are methods of looking at arte-
facts. It is true that we have reduced the arte-
facts to fairly manageable proportions and are
finding features not hitherto available, but this
raises more questions than are answered.

The methods of producing sounds and expo-
sing the animals to them are perhaps less ques-
tionable than the others. The frequency is well
controlled, and the levels, while high, have only
moderate distortion. That is, the harmonic and
sub-harmonic frequencies are not high enough
in pressure to produce more than negligible
damage at worst for the relatively short times

Acta Otolaryng 78
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of exposure. The exposure itself is more open
to question. We have tried putting the sound
directly to the tympanic membrane through a
speculum. This makes it possible to measure the
intensity of the stimulus with a probe tube from
the microphone inside the orifice of the specu-
lum. A discrepancy may arise in that the animal,
even when anesthetized and clamped as securely
as possible, may still achieve slight movements.
Even a slight movement may move the speculum
to a quite different position and so a quite differ-
ent intensity of sound may be delivered to the
tympanic membrane. We have also tried de-
livering the sound from a speaker three inches
from the pinna, and aimed directly at the exter-
nal orifice of the external auditory meatus, with
the probe tube just inside the orifice. This gives
a constant sound level, but we do not know
precisely what the sound level is at the drum
membrane. This seems to be the most consistent
way we can deliver the stimulus; therefore, de-
spite the doubt as to what the level is at the
tympanic membrane, it seems better to achieve
the consistency where it can be measured accu-
rately.

MATERIALS AND METHODS

This study was conducted along classical lines.
That is, the work can be divided into the
following separate parts: Behavioral training

and determination of audiograms; exposure to
Pure tones; redetermination of the audiograms;
sacrifice, and examination of the organ of Corti.
These represent distinctly separate disciplines
which should be managed by experts in each
area, thus the multiple authorship of this paper.
Dr Ades was in overall charge of the project
and also participated especially in the anatomical
work; Dr Kokko-Cunningham took part in the
anatomical portion and had the special respon-
sibility for the electron microscopy and histo-
chemistry; Dr Trahiotis supervised the animal
testing portion; and Dr Averbuch, who is an
electrical engineer, supervised the exposure and
the instrumentation.

PROCEDURES
Apparatus

Five monaural chinchillas were trained in the
apparatus which is diagrammed in Fig. 1.

The output from the audio oscillator was
delivered to the electronic switch for gating the
tone on and off. The gated tone was adjusted
in amplitude with an attenuator from a known
value of speaker drive (measurements taken
with a voltmeter for a continuous tone).

The behavioral test apparatus, which was built
in this laboratory, contained the electronics
necessary to program the sequences of stimuli
and to operate the buzzer and shock device. The
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training sequences could be manually triggered
from the control panel, or could be sequenced
automatically by a paper-tape loop. The paper
tapes were computer generated and provided the
desired randomization of intertrial interval.

The sound pressure level (SPL) for a known
value of speaker input voltage at one frequency
was measured for all frequencies at 24 points in
the training cage. The reference SPL used at any
frequency for threshold determinations was the
average of these 24 readings. Calibration in this
manner allowed all SPL's at all frequencies to
be known with respect to a single, pre-set drive
setting without the need for readjustment.

Audiometry

The chinchillas were trained to avoid shock by
crossing a barrier in the shuttle box (see Fig. 1)
in response to presentation of a 2-sec sample of
a sinusoidal tone of 1000 Hz. Shock was ac-
companied by sound from a buzzer mounted in
the roof of the cage. Thus, the sound of the
buzzer acquired aversive value and could sub-
stitute for the shocks to keep the animals moti-
vated in the months of future testing.

When the animals had reached a criterion of
not less than 90% correct avoidance responses,
the stimulus parameters were changed, and
threshold determinations were begun using a
method of descending limits. The duration of

test tones was 750 msec with a rise/decay time
of 50 msec. The stimulus consisted of three tone
bursts separated by 250 msec. if the animal
moved from one end to the other of the shuttle
box at any time during the presentation of the
three tone bursts, shock was not delivered and
a correct response was recorded. The SPL of
the stimulus was then attenuated by 20 dB and
the test was repeated after a randomly chosen
time interval (averaging about 20 sec). This pat-
tern was repeated until the animal no longer re-
sponded. The SPL was then increased 10 dB. If
the animal responded correctly, the SPL was
reduced 10 dB and the sequence continued. If
the animal failed to respond to the 10 dB in-
crease in SPL, the procedure was discontinued
and the threshold was taken to be midway be-
tween the latter level and the level which pro-
duced the last positive response. Each animal
was tested at 2, 4, 8, and 16 kHz, or 0.125, 0.250,
0.500 and 1.0 kHz each day. Since the animals
got better and better at detecting low level stim-
uli, many measurements of "threshold" had
to be taken. When these remained relatively
stable over at least 20 sessions at each frequency,
a threshold value was calculated.

Following completion of the tests in quiet, the
animals were tested at three levels of masking
usin g a low pass noise filtered at 10 kHz that
was presented continuously at nominal spectrum
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levels of 0 dB, 10 dB, and 20 dB SPL. Measure-
ments of levels of noise were made at 24 posi-
tions in the test cage. The sound field was quite
uniform. Each animal was tested at least eight
times at each test frequency for each of the three
levels of masking noise.

Exposure to pure tones

Each of the animals was anesthetized and ex-
posed to presentations of a 4 kHz tone for one
hour at 130 dB, 125 dB, or 120 dB SPL. A block
diagram of the apparatus is shown in Fig. 2.

A specially constructed plastic chamber was
used for exposing chinchillas to sound levels
up to 140-145 dB SPL. The maximum attain-
able levels were dependent upon frequency, due
to resonances in the rectangular exposure cham-
ber. The basic chamber was made of one-
inch thick transparent plastic, 4 inches high, 4
inches wide, and 13 inches long internally and
was open at the ends. On one end, any of a va-
riety of speaker fittings could be attached. A
single Altee 421A, 15-inch, low-frequency
speaker could be mounted, with an adapter, for
frequencies below 500 Hz. For the lower fre-
quencies, heavy aluminum extensions could be
used to tune the length of the chamber to the
desired resonant frequency while the end of the
chamber, opposite the speaker, was sealed with
an aluminum plate. For higher frequencies, a
pair of Altec 290D speaker drivers were connected
to the chamber throu_h a cast-aluminum horn
and were driven in phase. When necessary to
reduce chamber resonance, an acoustic absorbing
chamber was attached on the end of the exposure
chamber opposite the speaker.

With the animal's head in the chamber, a 2
mm probe was inserted into the ear of interest,
and was brought as near as possible to the ear
canal opening. The probe, attached and cali-
brated to a one-half inch microphone, was left
in place during the entire exposure. In addition
to the SPL of the principle exposure frequency,
the first few harmonics and subharmonics were
checked with a tunable voltmeter to insure
against excessive distortion. The absolute sound-
level calibration was made with a B&K 4220

"Pistonphone" coupled to the one-half inch
microphone. The probe was calibrated, over the
frequency range of interest, against a second
one-half inch microphone.

Anatomical investigation

The surface preparation used for the initial
phases of anatomical study was described in
Stockwell et al. (1969). It will not be repeated
here. The following histochemical methods were
employed.

The cochleas (with the exception of animal
No. 89) were fixed with 2% glutaraldehyde in
0.1 M cacodylate buffer of pH 7.2. The fixation
was begun by diffusing the fixative gently through
the fenestra ovalis and the fenestra rotundum,
with a small outlet hole made in the apex. It was
continued by immersing in the same fixative for
6 hours. During the latter period the bony walls
of the cochlea were ground down and the coils
of the organ of Corti were detached and re-
moved from the modiolus. The resultant seg-
ments were treated as free-floating pieces there-
after. When fixation had been completed, the
segments were rinsed from 12 to 24 hours in
0.1 M cacodylate buffer (pH 7.2) which contained
0.2 M sucrose. They were then incubated for acid
phosphatase activity as described by the Barka-
Anderson (1962) modification of the Gomori
reaction (1952). Incubation time was 60 min at
37°C, after which the segments of the organ of
Corti were rinsed again and then placed in 1 %
OsO4 in cacodylate buffer for 1 hour. Following
another rinse in the buffer, the segments were
mounted in glycerine under cover glasses. They
were then ready to be observed under the light
microscope. Animal No. 89 was fixed directly
in 1 % OsO, buffered with veronal acetate and
no incubation was done.

After recording the presence, absence, or
damage of hair cells of the organ of Corti (the
resultant computer-drawn cochleogram will be
illustrated for each animal), the segments were
removed from the slides, dehydrated, embedded
in Epon—Araldite, and tissue from representa-
tive areas was thin-sectioned. In some speci-
mens, only a narrow area was sampled for elec-
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tron microscopy, while in others segments up
to 1000 µm in length were sampled at 25 to 50
,um intervals. Thin sections were stained with
uranyl acetate and lead citrate and viewed in

either the RCA EMU3H or the Siemens Elmi-
skop A I.

RESULTS
Pre-exposure data

The mean thresholds of the 5 animals taken in
quiet circumstances are shown in Fig. 3 in solid
line. In addition, the similar curve for Miller's
36 animals is shown in broken line (Miller,
1970). This demonstrates a comparison with the
results of at least one other investigator, and
shows general agreement with work done on the
same species at a different laboratory, with
different apparatus. The two differ significantly
only at the highest frequencies, 8 kHz and 16
kHz. This may be the result of some slight
difference in the test chambers which is impos-
sible to analyze.

An indication of the variability of threshold
measurements can be gained from Fig. 4, in
which representative data from 2 animals, Num-
bers 90 and 96, are plotted as a function of num-
ber of thresholds included in the determination
of average threshold. Standard deviation was
fairly constant at about 5-10 dB in the last five
measurements. Fig. 5 shows the average thresh-
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Fig. 4. Samples of mean, median, and standard deviation
of pre-exposure threshold responses of animals No. 90
and No. 96 in blocks of five trials.

olds of the 5 animals for four conditions of
pre-exposure testing, i.e., quiet, and 0, 10, and
20 dB levels of masking. No data were collected
at 16 kHz in the presence of masking noise be-
cause of the variability in the sound field, and
the non-uniform speaker response which pre-
cluded adequate definition of the level. Note that
the thresholds were systematically affected by
the level of the masking. The apparent decrease
in sensitivity of the animals at 1 kHz is due to
the fact that the sound system had a resonance
point at that frequency.

It is possible to compare the signal level to
masker level ratios necessary for detection at
each test frequency to the data reported by Scharf
(1970, p. 176) (from Miller, J., unpublished ob-
servations). In order to make these comparisons,
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A
0

Fig. 6. (A) Hearing loss, animal No. 96, following expo- 	 rows of outer hair cells from modiolar side out). Vertical
sure to 4 kHz, 130 dB, for 1 hour. (B) Cochleogram of	 lines and numbers indicating where samples were taken
animal No. 96 (0 line=inner hair cells, 1, 2, 3 lines= 	 for EM.

the actual SPL value of the noise spectrum level
measured in the test cage was utilized. The signal
to spectrum level ratios measured in the two
studies typically do not differ by more than 2 dB
for the test frequencies used in both studies.
This result is interpreted as further evidence of
the adequacy of the sample and the testing pro-
cedures.

Post exposure data

Animal No. 96. Fig. 6 is a composite of the data
on this animal. Fig. 6A is the curve of hearing
loss with normal hearing assumed to be a straight
line, as is ordinarily done with human data in
an audiogram. Loss of hearing for the several
frequencies is represented as points below the
straight line. There is negligible hearing loss
evident at the first four frequencies; however,
there are losses of 40 dB at 2 kHz, 44 dB at 4
kHz, and 27 dB at 8 kHz. Ostensibly, the loss
peaks at 4 kHz, but it will be remembered that
the standard deviation is roughly 5 dB, so a 10
dB loss is probably significant, but must be
considered as mar ginally so.

The computer-drawn cochleogram (Fig. 613)
shows complete cell destruction from the base
up to 30% of the length, rising sharply from
that point indicating a virtually intact cochlea
at 50 %Q of the length. The inner hair cells appear
first, about 75% of them being present at 35%

of the length, and 90% or higher from 40 to
50% of the length. There is little difference be-
tween the rows of outer hair cells in this respect.
There is scattered cell loss at the apical end with
only the third row of outer hair cells showing
appreciable loss. Samples were taken from the
specimen for electron microscopy from five
areas. The areas are marked by vertical lines in
Fig. 6 B.

In the first three areas, in addition to the
missing cells, other changes that were considered
abnormal were seen. Some fibers in the inner
spiral bundle and nerve endings underneath the
inner hair cells appeared swollen (Fig. 7A).
Outer hair cells in all three areas showed an
accumulation of inclusion or multivesicular
bodies under the cuticular plate (Fig. 713). These
vesicles were surrounded by membranes and
contained granular or fibrillar material and a
few lipid droplets. They varied in size from 0.5
to 2,um. The inclusion bodies occurred in moder-
ately increased number as compared with the
normal animals, and some of them exhibited acid
phosphatase activity. Lamellar structures, some-
what resembling tightly packed lateral mem-
branes were also seen under the cuticular plate
in the outer hair cells of these areas.

In area 4 many more of the multivesicular
bodies appeared in the outer hair cells; however,
the region in which the cells contained abnormal
numbers of these was relatively narrow, extend-
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Fig. 8. (A) Hearing loss, animal No. 89, following ex-
posure to 4 kHz, 125 dB, for I hour. (B) Cochleogram
of animal No. 89 (see legend for Fig. 613).

in- only 200 ,um from the area of heavy damage
(this is in contrast to animal No. 93 (see below)
which had a wider area of abnormal outer hair
cells near the edge of heavy damage). In addition,
nerve fibers of the inner spiral bundle were
swollen, and occasionally fused, or giant stereo-
cilia on both inner and outer hair cells were
apparent. Rods or crystalloids exhibiting a tubu-
lar substructure were more numerous than those
usually seen in inner hair cells of normal animals
and showed signs of degeneration in that they
contained occasional lipid droplets (Fig. 7C),
and sometimes showed acid phosphatase ac-
tivity.

Area 5, 400 um from the base of the cochlea,
consisted only of a flat epithelium. Cytoplasmic
organelles were scarce. The cells of the limbus
spiralis were fewer than normal and quite
shrunken while the 136ttcher cells appeared
quite normal.

Animul No. 89. This animal showed a hearing
loss curve (Fig. 8A) much like the preceding
one with loss peaking at 4 kHz. The peak is

Fig. 7. (A) Inner spiral bundle from area I (middle of
apical coil) of animal No. 97. Some of the nerve fibers
are swollen (arrow) and have empty spaces. Others are
swollen and filled with fibrillar material. x11000.(B)Outer
hair cell 2 from area 4 (end of middle coil) of animal
No. 93 showing accumulation of nnlltivesicular inclusion
bodies (arrow points to one) under the cuticular plate.
Inclusion bodies are surrounded by a membrane and
contain fibrillar or granular material and lipid-like drop-

at —45 dB. The only other frequencies which
show significant losses are 2, 8, and 16 kHz.

The cochleogram ( Fig. 813) shows essentially
a complete absence of hair cells (except for a
minor number of inner hair cells) up to 30%
from the basal end of the organ of Corti. This is
a fairly sharp-edged lesion with the inner hair
cells again virtually completely present within
2%, i.e., at about 32 % of the length. The outer
hair cells are all present once more at about
43% of the length. From that point on to the
apex there is scattered, minor loss of outer cells
and the inners remain at full count.

Electron microscopy was done, but the ultra-
structural preservation was inferior to the other
4 animals. Consequently, about all that can be
said affirmatively is that there was an abnormal
accumulation of multivesiculated bodies in the
outer hair cells near the major lesion. System-
atic sampling was not carried out.

Anitnal No. 97. This animal showed distinct
loss of hearing at 0.250, 0.500, and 1.0 kHz,
and a much greater loss at 2, 4, and 8 kHz; the

lets. < 11 700. (C) Inner hair cell from area 4 (end of
middle coil) of animal No. 96. One of the rods with
tubular sub-structure shows accumulation of lipid (ar-
row). x 6 300. (D) Outer hair cell I I rom area 6 (lower
basal coil) of animal No. 93. Multivesicular inclusion
bodies have increased in number and fill the subcuticular
cytoplasm. Some have lost their surrounding membranes
and small lipid-like droplets are dispersed in the cyto-
plasm. x 11 200.
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Fig. 9. (A) Hearing loss, animal No. 97 following expo-
sure to 4 kHz, 130 dB, for I hour. (B) Cochleogram of
animal No. 97 (see legend for Fig. 6B).

animal did not respond to 16 kHz at the highest
SPL which could be offered at that frequency
(Fig. 9A). It was a less distinctly peaked loss
than the preceding two (Nos. 96 and 89).

The cochleogram (Fig. 9B) shows a much
greater loss of cells than in animals Nos. 96
and 89. The inner hair cells are irregularly ab-
sent for the first 40% from the base, and essen-
tially present for the rest of the way to the apex.
The outer hair cells are virtually all destroyed
for nearly 50% of the distance from the base.
Thereafter they are moderately to severely im-
paired up to 81 or 82% of the distance from
the base, while for the remainin g 18-19%, they
appear to be essentially intact.

Three samples were taken from this specimen
for electron microscopy. They are indicated by
vertical lines drawn onto the cochleogram (Fig.
9B). In the first specimen (counting from the
apex) the hair cells looked fairly normal, although
occasional giant hairs were seen on i nner hair cells.
Numerous swollen nerve endings and fibers were
seen under the inner hair cells and in the inner

spiral bundle (Fig. 7A). Some of the endings
appeared to be swollen and empty and had bro-
ken membranes, while others had fibrillar ma-
terial replacing the synaptic vesicles. The num-

ber of abnormal nerve endings was much higher
than in animal No. 96. Occasional multivesicular
bodies were seen in the outer hair cells.

There were only inner hair cells in the second

area, the outers being entirely destroyed. The
inner cells showed numerous degenerative rods
and many giant stereocilia, and most of the nerve
endings were swollen. The outer hair cells were
missing from this area, but the Deiters' cells and
pillars were present and maintained the general
contours of the acoustic papilla. The Deiters'
cells contained huge inclusion bodies that ap-
peared to enclose membranous material and de-
generating mitochondria. The inclusion bodies
probably consisted of cell debris from degene-
rated hair cells.

The third sample contained inner hair cells,
but no outer hair cells, leaving only Deiters'
cells to maintain the general contours of the
outer hair cell area. The inners contained nu-
merous degenerative rods and were also sub-
tended by many swollen nerve endings. Deiters'
cells in the outer hair cell area contained
numerous acid phosphatase positive lysosomes
together with acid phosphatase positive Golgi
complexes. Material that could have been inter-
preted as cell debris was rarely encountered. The
endolymphatic surfaces of the supporting cells
were covered with microvilli, and there were
occasional large vacuoles inside the supporting
cells which were lined with similarly numerous
microvilli. The Bottcher cells again seemed nor-
mal in all respects.

Animal No. 90. This animal showed slight
hearing loss at 1, 2, 4, 8, and 16 kHz; and none
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Fig. 10. (A) Hearing loss, animal No. 90, following expo-
sure to 4 kHz, 120 dB, for l hour. (B) Cochleogram of
animal No. 90 (see legend for Fig. 6B).

at the lower three frequencies, 0.125, 0.250, and
0.500 kHz (Fig. 10A). This statement is based
on the thesis that nothing below a 10 dB loss
should be counted as an actual loss.

The cochleogram (Fig. 1013) shows little dam-
age. The greatest amount is just at the base
and up to 10 % of the length, the loss being about
equal in the three rows of outer hair cells. The
remainder of the length shows only significant
deviations of one of the rows at a time, one
such deviation near the apex showing 25%
damage to the third row of outer hair cells.
The inner hair cell row is intact throughout.
Samples for electron microscopy were taken
from the areas indicated in Fig. 10B.

Apart from the missing cells only a few ultra-
structural changes were interpreted as abnormal.

Outer hair cells in all areas sampled showed an
accumulation of inclusion or multivesicular
bodies under the cuticular plate. There were
occasional giant stereocilia in all the samples,
more frequently on inner than on outer hair cells.
The nerve endings and supporting cells appeared
normal.

Animal No. 93. This animal had apparently
significant losses of hearing at 0.250 and 4 kHz,
and normal hearing otherwise (Fig. 11 A). The
loss at 4 kHz would fit the results on other ani-
mals; at least it would not be discordant. The
loss at 0.250 kHz, however, fails to match the
results on the others. In no other case are there
losses at two test frequencies with an intervening
interval of three test frequencies at which no loss
occurs. Whether this is to be "explained" on

Fig. 11. (A) Hearing loss, animal No. 93, following expo-
sure to 4 kHz, 125 dB, for l hour. (B) Cochleogram of
animal No. 93 (see legend for Fig. 613).
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the basis of some unknown error in testing, or
on the microscopic results remains to be seen.
The cochleogram (Fig. 11 B) shows a complete
loss of cells over a short distance at about 30-
39 % of the length counting from the base. This
might account for the 4 kHz loss in hearin g, but
there is no separate lesion to account for (lie loss
at 0.250 kHz. The two hearing losses are of
about equal magnitude. If the 4 kHz loss is to
be accounted for as being all that would be
expected from a narrow lesion in the basal turn,
why is there no obvious lesion in the apical
turn to account for the loss at 0.250 kHz? O(1

the other hand, if the result on 0.250 kHz is to
be accounted for on the basis of testing error,
why is that at 4 kHz not equally spurious? The
specimen was sampled at seven regions shown
by vertical lines in Fig. 1 I B.

The first four areas (counting from the apex)
all showed swollen nerve endings under the inner
(lair cells and swollen fibers in the inner spiral
bundle. Outer hair cells showed all in the
number of inclusion bodies under the cuticular
plate (Fig. 7B). Rods or crystalloids exhibiting
degenerative changes were seen in inner hair cells;
however, we are not prepared to say that the
changes noted are related to the hearing loss at
250 Hz.

In areas 5 and 6 the main lesion consisted of
a central area about 250 ,um in width in which
the acoustic papilla was absent and was repre-
sented only by flat cuboidal epithelium which
was relatively empty of cellular organelles. The
hair cells were missing in an area about 250 prn

wide in either direction, but in these zones the
supporting cells were present, filling the space
formerly occupied by hair cells, and maintaining
the general contour of the organ of Corti. There
were acid phosphatase positive lysosomes and
Golgi complexes in the supporting cells. Cell
debris from degenerated hair cells was rarely
seen, and in these areas there were numerous
nerve fibers which were quite normal in appear-
ance. In the region from 750-1000 um away
from the maximum damage area, the subcutic-
ular portions of the outer hair cells were filled
With nlultivesicular bodies (Fig. 7D) which con-

tained large numbers of lipid-like droplets. In
the area from 500-750 um from maximum
damage were outer hair cells in which the nlulti-
vesicular bodies not only occupied the subcutic-
ular region, but filled the entire cell. Some of
the IllUltiveslcular bodies had lost their sur-
rounding membranes, and their contents, con-
sisting of lipid droplets, were dispersed through-
out the cytoplasm of the hair cells. There were
numerous degenerated nerve endings under the
outer hair cells in the area also. The inner hair
cells contained many tubular rods; some of them
showing degenerative changes. Giant stereocilia
were relatively frequent.

In area 7, the outer hair cells still had more
than the normal complement of muitivesicular
bodies in the subcuticular region. Under the inner
hair cells there were many swollen nerve endings.
Inner (lair cells also contained degenerative rods
with occasional acid phosphatase activity. Nu-
merous giant stereocilia were seen.

DISCUSSION

Many articles oil correlation between hear-
ing loss and damage to parts of the inner ear
start with at least an implicit assumption that
the place of maximum vibration of the basilar
membrane determines receptor representation of
acoustic stimuli. By a curious reciprocal device
this "place" theory of hearing then is used to
explain the data, while the data provide evidence
for a "place" theory of hearing. It is true that
if one looks only at 4 kHz exposures, the agree-
ment with a simple place theory is fairly good
but by no means perfect. The present results apply
only to exposures of 4 kHz and are therefore
biased toward belief in a place theory. They
should not be so considered, and the place theory
arguments should be held in abeyance for the
moment. Tills paper is designed to speak rather
to the problem of correlation of damage to the
inner ear and damage to function.

In that respect there are some apparent dis-
crepancies between hearing results and cochlear
pathology in animals Nos. 89, 96, and 97. Ac-
cording to a rigorous place theory, for example,
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the loss at 4 kHz should be much higher than it
is, if not complete. Likewise, hearing for the
higher frequencies should be as much impaired
as for 4 kHz if not more, inasmuch as the recep-
tors were destroyed for the more basal portions
of the cochlea as well as the presumptive 4 kHz
region. In actual fact, however, a considerable
amount of hearing remains for those frequencies.
What receptors are transducing the higher fre-
quencies?

Before attempting an answer to that question,
let us turn to the histological methods for a
moment. A source of error may be found in
the manner of judging the condition of the cells
from the construction of the cochleogram alone.
This is the object of electron microscopical and
histochemical investigation of the same speci-
mens as are represented in the cochleograms.
This will form the subject of a separate publi-
cation, but some comment is warranted here.
Cells in the immediate vicinity of the lesion
which is shown on the cochleograms show vary-
ing degrees of abnormality includin g ultrastruc-
tural and histochemical changes. It must be said
that the ultrastructural preservation left much
to be desired. It was originally thought necessary
to mount the specimens in glycerine to count
them for the construction of cochleograms. We
attribute part of the inferior preservation to this.
In addition, the long rinses and incubation in an
acid milieu after fixation also contribute to poor
preservation. Even so, the changes interpreted
as pathological in the present material were not
found in normal animals treated similarly.

Most of the changes which we interpreted as
abnormal have been described earlier. The
swelling of afferent nerve endings and fibers
under the inner hair cells after acoustic trauma
has been reported by Spoendlin (1971). He dis-
cussed it as a reversible chan ge. Spoendlin (1970)
reported similar swellings as a result of changes
in osmotic pressure (like the fused stereocilia,
then, this change is not specific to acoustic
trauma but is a general reaction to more than
one kind of noxious influence (Engstrom et al.,
1970). The survival time for our animals was
sufficiently long to allow for the disappearance

of all reversible changes, and, unlike Spoendlin,
we interpret them as permanent; however, the
number of swollen endings in our specimens
apparently is less than those described by
Spoendlin (1971), and might be presumed to be
the irreversible residue of a larger number.

Increase of lysosomes in the infracuticular
region has been reported by other authors (e.g.,
Engstrom et al., 1970; Ishii et al., 1968) after
both acoustic trauma and treatment with oto-
toxic antibiotics. Ishii et al. (1967) also reported
an increase in lipofuscin pigment and acid
phosphatase activity in the hair cells of elderly
humans. The inclusion bodies somewhat re-
semble lipofuscin; however, they usually have
numerous small rather than a single large lipid
droplet. The disappearance of the surrounding
membrane, and the release of the lipid droplets
into the cytoplasm have been illustrated by
Spoendlin also (1970).

With survival time of 1-2 hours, Hensen
bodies have been seen to increase in number
and complexity after exposure to jet-engine
noise (Engstrom & Ades, 1960). Several Hensen
bodies were encountered in the hair cells of the
present material, though no more than in normal
ears. The accumulation of membranous mate-
rial, similar to the lateral membranes, which
was particularly prominent in animal No. 96,
was also described by Spoendlin (1970) after
acoustic trauma.

Some of the changes are designated "degen-
erative." These are degenerative changes on
general grounds. That is, they are the sort of
changes that would indicate degeneration in any
cell. But how far does degeneration have to go
to render the cell non-functional, or semi-I ' LmC-

tional, or functional intermittently? What does
this do to threshold measurements'? No answers
are available immediately. We are dealing with
uncertainties and variables at both ends of the
process, and no method is yet known which will
resolve the difficulty.

Perhaps the thresholds obtained in the pres-
ence of masking noise f0 lowing the creation of
cochlear lesions may help to explain the small
amounts of hearing loss reported. One might
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Fig. 12. (A) Animal No. 96. Curves showing thresholds
obtained pre-exposure (solid circles with stars), post-
exposure thresholds obtained in quiet (0), with 0 dB
level masker (c), with 10 dB masker (0), and with 20

justifiably wonder how animals 96 and 89 could,
with some of the basilar membrane virtually
stripped of receptors, hear so well at 8 kHz. As
indicated by data in Figs. 12A and 1213, the
introduction of masking noise affects perform-
ance not only at the lower frequencies, but at
8 kHz. These data may be interpreted to mean
that the animals were using receptors in the
middle regions of the cochlea to transduce the

8 kHz information. Note the presence of light
microscopically healthy tissue in the relevant
regions of the cochlea and the attendant masking
effects (Figs. 6B and 813).

Animal No. 97's data allow for a check on
this interpretation. Note that animal No. 97
differed from 89 and No. 96 in two ways.
Animal No. 97 (Fig. 913) had various numbers
of inner hair cells present in the basal region
of the cochlea and a greater number of outer
hair cells missing on the apical side of the lesion.
One may speculate that the inner hair cells could
be mediating the behavioral responses at 8 kHz
on this animal (Fig. 12C). Further, one could
predict that the masker effectiveness would be
reduced at the lower test frequencies (0.250,
0.500, 1.0 kHz) because of the outer hair cell
losses in the region 50-80'% of the distance
from the base. Since the animal could not
efficiently transduce the lower level noises, these
noises could not mask. Indeed, the data indicate
that this is the case. When the masker level was
sufficient to mask the lower frequencies, there
also appears to be a masking effect at 8 kHz.
Whether this indicates that the 8 kHz sequence
was processed by the animal principally in the
middle portions of the cochlea by outer hair
cells or in the basal regions by inner hair cells is
a difficult question to answer. It seems that the
data could be interpreted as indicating that the
inner hair cells were transducing the information
at 8 kHz and were finally masked at the highest
noise level. The interpretation is based on the
assumption that the outer hair cells present up
to about 80% of the distance from the base were

dB masker (A). (B) Animal No. 89 (see legend for Fig.
12A). (C) Animal No. 97 (see legend for Fig. 12A).
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damaged, and, if used, would result in a greater
hearing loss than that measured in the quiet.

The results on masking may actually provide

support for the anatomical findings. That is to

say, the remaining inner hair cells in animal

No. 97, and the remaining outer hair cells in
animal No. 96, may be functional in whole or

in part despite the evidence of changes in them.

The changes, from one point of view, may be

minor and represent primarily metabolic change.
This in turn would tend to vindicate the surface
preparation and, hence, the cochleograms.

The results of the present experiments are at

variance with those reported by Ward & Duvall

(1971). There seems to be some doubt about

the testing in that series of experiments (personal
communication). There is also doubt that their

anatomical analysis went far enough. At least

we have never been convinced that positive

answers were forthcoming from the type of

methods that were used.

Similarly, these results have no special bearing

on those of Spoendlin (1972), who reported that

some 95 % of the fibers emanating from the spiral

ganglion of Corti innervate inner hair cells,

while the remaining 5% innervate outer hair

cells. The 5 % seems a remarkably small percent-
age, assuming that the outer hair cells are related

functionally to loudness; however, there is no

necessary reason to assume any exact relation-

ship between loudness detection and number of

neurons innervating the receptors. Perhaps the
reason the percentage seems small is our pre-

occupation with loudness in this series of experi-

ments.

This is not the precise, clear statement of facts

one would like to present. On the one hand, the

testing method is open to question. On the other,

the anatomical methods are imprecise. Added

to this is the suspicion that the subject of the

experiments, the chinchilla, is an inadequate
animal on which to base broad conclusions

about human hearing which is, after all, one of

the objects of research of this kind. The chin-

chilla is Simultaneously more sensitive to noise
and less sensitive to frequency differences than

the human. Further studies should be done on

monkeys which are apparently more closely

similar to humans in those respects.
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ZUSAMMENFASSUNG

Die Wirkungen akttstischer Uberreizungauf anatomische,
histochemische and Verhaltens-Parameter warden an
ftinf einohrigen Chinchillas untersucht. Beschallung er-
folgte mit einem Dauerton von 4 kHz. Die an Hand
von Audiogrammen festgestellten H6rausf5lle stimmten
ziemlich gut mit der Lokalisation sowie der Ausdehnung
des Haarzellen untergangs im Cortischen Organ 6berein.
An Haarzellen ausserhalb der Hauptzerstbrungsherde
wurden ferner eine Reihe von histochemischen und ultra-
strukturellen Veranderungen festgestellt, deren funktio-
nelle Bedeutung noch unklar ist.
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