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Abstract 

Afferent axons of the gerbil cochlear nerve were studicd with revcrse correlation analyses carried out with movable time 
windows and with noise that was modulated with a 10-Hz trapezoidal envelope that switched thc noise amplitude bctwccn two 
levels, 20 dB apart. At the time of switching, the attributes of the axonal tuning curves derived in this manner switched very 
rapidly (c.g., within 10 ms) from those characteristic of lower-level stimuli to those characteristic of higher-level stimuli and vice 
versa. As previous investigators have shown, the attributes of tuning curves at higher levels include broader bandwidth and an 
accentuated low-frequency hump. Characteristic frequencies (CFs) of gerbil axons used in this study ranged from approximately 
500 Hz to approximately 5 kHz. Over this range, the low-frequency hump was most pronounced in our studies for units with 
higher CFs, each of which showed a sharp high-frequency peak and a distinctly separate, broad low-frequency hump (reminiscent 
of the tip and tail of a conventional frequency-threshold tuning curve). The amplitude of the peak relative to that of the hump, 
and the breadth of the peak, both changed rapidly and reversibly following sudden change of noise level. Observation of such 
rapid changes of tuning would be difficult to achieve with conventional frequency-threshold tuning curves, derived from tonal 
stimuli. 
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1. Introduction 

Using noise st imuli  and  c ross -cor re la t ion  analyses,  
several  inves t iga tors  have found  s imilar  changes  in the  
tuning of  individual  aud i to ry  nerve f ibers  as the  rms 
s t imulus a m p l i t u d e  was va r ied  (Evans,  1977; MOiler, 
1977, 1978, 1986; Carney  and Yin, 19881. The  t empora l  
waveform [crosscovar iance  funct ion or  reverse -cor re la -  
t ion ( R E V C O R )  funct ion]  de r ived  f rom the analysis  
of ten is taken  to be an es t ima te  of  the  coch lear  f i l ter  
impulse  response  (de Boer  and Kuyper ,  1968; de Boer  
and de Jongh,  1978; E g g e r m o n t  et  al., 19831. As the  
noise s t imulus  amp l i t ude  is increased ,  this waveform 
a ppea r s  to ref lect  inc reased  damping ;  and  its d iscre te  
F o u r i e r  t r ans form ( D F T )  shows inc reased  bandwid th .  
One  inves t iga tor  (Moi le r )  also found  tha t  a hump  ap- 
p e a r e d  in the low-frequency region of  the  D F T s  for 
some axons as the  s t imulus  intensi ty  was increased .  
The  s tudy that  we r epor t  here  was des igned  to investi-  
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ga te  t ime courses  of  these  var ious  changes  following 
ab rup t  changes  in s t imulus  intensity.  The  s t imulus was 
con t inuous  noise with its intensi ty  a l t e rna t ing  up and 
down in 20-dB s teps  as a consequence  of  pe r iod ic  
modu la t i on  by a t r apezo ida l  enve lope  (1.0 ms rise and 
fall t imes).  R E V C O R  analysis  was ca r r i ed  out  over  
se lec ted  segments  of  the  enve lope  per iod .  We obse rved  
the same sorts of  changes  that  were  r e p o r t e d  by the 
ea r l i e r  authors ,  including the hump seen in Mol le r ' s  
D F T s  for h igher- level  st imuli .  In most  instances,  both 
for increases  and dec reases  of  s t imulus  ampl i tude ,  the 
changes  c lear ly  were  c o m p l e t e d  well within the nomi-  
nal du ra t ion  of  the R E V C O R  response  waveform (in- 
c luding latency),  typical ly a total  of  3 to 10 ms. 

2. Methods  

Twenty  seven axons f rom four  an imals  were  s tudied.  
The  gerbil  p r e p a r a t i o n  used in this pro jec t  was the 
same as that  desc r ibed  in previous  pape r s  (e.g., Lewis 
and Henry,  1989). The  bul la  was o p e n e d  and the 
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auditory nerve was exposed unde r  the floor of the 
round ,window ant rum.  Each axon studied was impaled 
by a glass micropipet te  electrode,  filled with 3.0 M 
NaC1 and having resistance greater  than 50 M~Q. Audi-  
tory stimuli were applied through a closed-field system 
compris ing an Etymotic ER-2  driver and a Etymotic 
ER-10 low-noise microphone  sealed to the external  
auditory canal. Audi tory  axons were identif ied by their 
response to periodic noise bursts. Tone  bursts were 

used to est imate best  f requency and threshold at esti- 
mated  best frequency. A tone  burst  at es t imated best 

f requency and having a fast rise t ime was used to 
es t imate  response latency. Uni ts  were ident if ied as 
being pr imary afferents  by virtue of their response 

latencies (less than 2.0 ms), depth  at pene t r a t ion  (less 

than 500 /zm from the surface), and primary-l ike re- 
sponse to tone bursts  at best frequency. The integrity 

of the cochlea and the general  physiological condi t ion 
of the animal  subject were evaluated periodically by 
observing the threshold for compound  action potent ia l  
(obta ined  from a silver electrode placed in the niche of 

the oval window), in response to an 8-kHz stimulus.  
The  exper imenta l  s t imulus was con t inuous  noise 

with its intensi ty a l te rna t ing  up and down in 20-dB 
steps as a consequence  of periodic (10 per  second) 
modula t ion  by a t rapezoidal  envelope (1.0 ms rise and 

fall times). The  dura t ion  of the high-level phase was 40 
ms, that of the low-level phase was 60 ms. The noise, 
with gaussian ampl i tude  dis t r ibut ion,  was genera ted  by 
a Gene ra l  Radio r andom noise genera tor  (Model  1390- 
B) and was shaped by a 1 /3-oc tave  equal izer  to pro- 

Waveform window 

Spike window 
i 

20 ms 

Fig. 1. Graphical depiction of stimulus presentation. A full stimulus 
cycle comprised 40 ms of high level noise, and 60 ms of low level 
noise. The duration of the waveform window used for analysis in 
each experiment was 30 ms. The duration of the spike window was 
varied from experiment to experiment, but fixed within a given 
experiment. During a given experiment, the trailing edge of the 
waveform window always occurred at the time of a spike and 
therefore could occur any time that the spike window was open. The 
two overlapping boxes show the range of waveform window positions 
for the spike window shown. 
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Fig. 2. REVCOR-derived responses of a unit (CF approximately l 
kHz) to low level noise (dashed line) and high level noise (solid line). 
2A. REVCOR-derived impulse responses, normalized to show ap- 
proximately the same peak amplitude. For the dotted line (averaged 
over 17,634 spikes), the spike window spanned all but the first 10 ms 
of the low level noise presentation of each stimulus cycle. For the 
solid line (18,952 spikes), the spike window spanned all but the first 
10 ms of the high level noise. The short latency of the impulse 
response is typical of our results for units with low CFS and is 
puzzling inasmuch as the experimental and analytical setups (in¢tud' 
ing the noise bandwidth) were identical to those for units with higher 
CFs, which showed longer latencies (e.g., Fig. 3A). 2B. Normalized 
discrete Fourier transform (DFT) amplitude functions for the wave- 
forms in panel 2A. 2C. Normalized DFT amplitude functions for 
REVCOR-derived impulse responses for the same axon but with the 
spike window spanning the second 10 ms of the high level noise 
presentation (solid line, 6,406 spikes), and the second 10 ms of the 
low level noise presentation (dashed line, 3,987 spikes). 

duce nearly flat (_+ 2.5 dB) power spectral  densi ty of 
the acoustic ou tput  of the ER-2,  over the range of 300 
to 8000 Hz, as sensed by the ER-10 and  analyzed by a 
Hewlet t -Packard  3561A dynamic signal analyzer.  

Reverse correlat ion ( R E V C O R )  was carried ou t  over 
selected segments  of the noise envelope.  This was 
accomplished with a R E V C O R  setup with a 29.7-ms 
time window applied to the noise s t imulus and an 
adjustable t ime window applied to the spike t rain (see 



E.R. Lewis, K.R. Henry~Hearing Research 79 (1094) 183-189 185 

.'=_ 
Q .  

E 

Time (ms) 
1 0  

m 
Q. 

E ,< 

B 

/ 

/ 

:1 

3 4 5 
] I 

3 4 s 6 ; '  1 0  a 2 

F r e q  ( H z )  

Fig. 3. Normalized REVCOR-derived impulse responses (3A) and 
their normalized DFT amplitude functions (3B) for a unit with a CF 
of approximately 1.8 kHz. During each stimulus cycle, the spike 
window for the solid line (averaged over 19,750 spikes) opened 5 ms 
after the onset of the high-level noise and spanned 35 ms, the spike 
window for the dashed line (averaged over 23,544 spikes) opened 8 
ms after the onset of the low-level noise and spanned 52 ms. 

Fig. 1). The noise-stimulus waveform was sampled and 
digitized. For each spike occurring during the time that 
the spike window was open, the digitized noise-stimu- 
lus waveform that occurred over the 29.7 ms immedi- 

ately preceding the spike was saved. The digitized 
waveform was stored in 1024 time bins (yielding a time 
resolution of 29 b~s per bin). R E V C O R  functions were 
obtained by taking the average value for each time bin 
over a large collection of such digitized waveforms, and 
then reversing the order of the bins. The position of 
the spike window relative to the amplitude-modulation 
envelope of the noise stimulus was adjustable. Thus, 
R E V C O R  functions (taken to be estimates of the 
cochlear-filter impulse response) not only could be 
derived separately for the high- and low-level phases of 
the noise stimulus, but also over any selected fraction 
of the high- or low-level phase. For each selection, the 
width and relative position of the spike window was 
fixed and the R E V C O R  sampling was carried out over 
many repetitions of the amplitude-modulation cycle. 

3. Results 

Fig. 2 shows results that are representative for the 
lower-CF axons in the study. In this case, the CF was 
between 940 and 1010 Hz. The high and low noise 
levels were 52 and 32 dB SPL (for 75 Hz bandwidth), 
respectively. After preliminary examination of the data, 
the nominal duration of the REVCOR-der ived  impulse 
response was taken to be 10 ms. Therefore,  subsequent 
R E V C O R  analysis for this unit was begun at least 10 
ms from the transition from one noise level to the 
other. Fig. 2A shows REVCOR-der ived  impulse re- 
sponses taken over all but the first 10 ms of the high 
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Fig. 4. Normalized REVCOR-derived impulse responses (4A, C and D) and their DFT amplitude functions (4B) normalized tit the 
high-frequency peak (nominal CF) for a unit with a CF of approximately 3.7 kHz. As in Figs. 2 and 3, the response for high-level noise (averaged 
over 51,357 spikes) is shown with the solid line, that for the low-level noise (averaged over 61,400 spikes) with the dashed line. See text for 
description. 
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(solid line) and low (dashed line) level noise. Cycle-by- 
cycle examination reveals that the impulse response fox 
the high-level noise is more heavily damped than that 
for the low-level noise. This difference is reflected in 
the bandwidths of the corresponding (normalized) DFT 
amplitude curves, shown in Fig. 2B. Each of the DFT 
amplitude curves in Fig. 2C were derived from 
R E V C O R  taken over a spike window 10 ms in dura- 
tion and beginning 10 ms after the transition between 
noise levels. Clearly, during the second 10-ms segment 
of each phase of noise amplitude, the new tuning 
bandwidth already has been largely (if not completely) 
established. With the nominal duration of the impulse 
response being 10 ms, moving the leading edge of the 
spike wind closer than 10 ms from the noise-level 
transition would yield experimentally-induced distor- 
tion in the estimated impulse response. Thus, the 
changes seen in Fig. 2C have taken place in times (less 
than 10 ms) that are too short to be estimated by this 
method. 

Fig. 3 shows REVCOR-der ived  impulse responses 
and their DFT amplitude curves for an axon with a CF 
between 1780 and 1850 Hz. The noise levels were 57 
and 37 dB SPL (for 75-Hz bandwidth). In the DFT 
amplitude curve (solid line) for the higher noise level 
one can see a suggestion of the same sort of hump at 
low frequencies as that reported by M011er. We found 
that this feature consistently becomes more pro- 
nounced in axons with higher CFs. In Fig. 4, for 
example, the data were taken from an axon with CF 
between 3637 and 3738 Hz. The noise levels again were 
57 and 37 dB SPL (for 75-Hz bandwidth). The impulse 
responses in Fig. 4A were derived for all but the first 7 
ms of the high-level noise phase (solid line) and all but 
the first 7 ms of the low-level noise phase (dashed 
line). The corresponding DFT amplitude curves are 
shown in Fig. 4B. For the higher noise level, the 
relative amplitude of the low-frequency hump makes it 
quite conspicuous. The corresponding feature in the 
impulse response is illustrated in Figs. 4C and D. In 
each of these figures, short-term mean amplitudes of 
the impulse response are depicted as bold dots. These 
values were derived by twice applying a running 11-bin 
average (with uniform weights) to the impulse-response 
waveform. What emerges with the dots is an image of a 
heavily-damped, lower-frequency component  (corre- 
sponding to the broad, low-frequency hump in Fig. 4B) 
summed with a more lightly damped, higher-frequency 
component  (corresponding to the sharper,  high- 
frequency peak in Fig. 4B). 

Fig. 5A shows the DFT amplitude curves for the 
axon of Fig. 4, immediately before and after the transi- 
tion from low- to high-level noise. The dashed curve 
was taken with a spike window spanning the last 4 ms 
of the low-level noise; the solid curve was taken with a 
spike window that opened 3 ms after the transition to 
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Fig. 5. Normalized DFT amplitude functions f(~r REVCOR-derived 
impulse responses taken with variously-positioned, 4-ms spike win- 
dows for the axon of Fig. 4. Panel 5A compares the response at the 
end of the low-level noise (dashed line, 5,886 spikes) to the response 
at the beginning of the high-level noise (solid line, 8,288 spikes). 5B 
compares the response at the end of the high-level noise (solid line, 
6,469 spikes) to the response at the beginning of the low-level noise 
(dashed line, 4,225 spikes). 5C compares the response at the end of 
the high-level noise (solid line, 6,469 spikes) to the response at the 
end of the first quarter of the low-level noise (dashed line, 5,435 
spikes). 

high level and remained open for 4 ms. In this case, 3 
ms was taken to be the nominal duration of the 
REVCOR-der ived  impulse response. Clearly, the rela- 
tive amplitude of the low-frequency hump and the 
broadening of the high-frequency peak both have oc- 
curred very quickly (evidently within the 3 ms nominal 
duration of the impulse response). For the transition 
from high level noise to low level, the paucity of spikes 
immediately after transition (commonly associated with 
adaptation in primary auditory afferents) decreases the 
signal to noise ratio in the REVCOR-der ived  functions 
taken with short-duration spike windows beginning 
close to the transition. Nevertheless, one often can see 
trends in the resulting waveforms. In Fig. 5B, for 
example, comparing the DFT amplitude curve for the 



E.R. Lewis, K.R. Hemy / Hearin~ Research 7 ~) (1994) 183-189 IS7 

m 
Q .  

E 

A [)1 :: :, 

ii~:l 

, , [ 

0 2 4 6 
Time(ms) 

o .  
E 

2 
Time (ms) 

4 5 

E 

- B  

/ 
/ /  

/ 
/ 

/ 
'~ ]/ 

. / - ~ \  ,\ 

]. 

!tf,,i'r 

s 4 s 6 7 10 3 2 3 ,I s 0 2 4 6 
Freq (Hz) Time (ms) 

Fig. 6. Normalized REVCOR-der ived  impulse responses (6A,C and D) and DFTs (6B) to the high-level noise (solid line. 25,150 spikes) and 
low-level noise (dashed line, 23,405 spikes) of a 4.5 kHz CF unit. Note the heavily damped low frequency component  (hea',3' dots) of the high 
level impulse response (6D), corresponding to the low frequency hump of the DFT (solid curve in 6B). 

last 4 ms of the high-level noise (solid line) with that 
for a window of 4 ms duration, beginning 4 ms after 
the transition to low level (dashed line), one can see 
that the relative amplitude of the low-frequency hump 
and the bandwidth of the high-frequency peak have not 
changed much. Changes do begin to appear  in a DFT 
amplitude curve for a window of 4 ms duration, begin- 
ning 11 ms after the transition to low level (Fig. 5C). 

Fig. 6 shows results from an axon with Ct: between 
4494 and 4562 Hz. The noise levels again were 57 and 
37 dB SPL (for 75-Hz bandwidth). The heavily-damped, 
low-frequency component  of the impulse response is 
especially obvious for the high-level stimulus in this 
case. In fact, the shapes of the impulse responses in 
Figs. 6A, 6C and 6D represent typical behavior among 
the higher-CF axons in this study. Fig. 7 shows the 
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Fig. 7. Responses  obtained with spike windows positioned close to the noise-window amplitude transitions for the unit of Fig, 6. Panels 71'\ and (" 
show REVCOR-der ived  impulse response (averaged over 2,343 spikes) and its DFT amplitude, respectively, after the high-to-k)w level noise 
transition. Panels 7B and D show the responses (averaged over 8,103 spikes) obtained after the low-to-high level transition. 
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of Fig. 6 with windows positioned even closer to the transition from 
high-to-low-level noise than illustrated in Fig. 7. Panel 8A shows the 
REVCOR-derived impulse response, and 8B shows the DFT ampli- 
tude obtained from that portion of the waveform of 8A that is free of 
the artifact produced by the transition. 

REVCOR-derived responses for spike windows close 
to the noise-amplitude transitions. For the impulse 
response of Fig. 7A and the corresponding DFT ampli- 
tude curve of Fig. 7C, the spike window was 6 ms in 
duration and opened 7 ms after the transition from 
high- to low-level noise. Notice that the shapes of the 
impulse response and DFT amplitude curve already 
have reached those of Fig. 6 for low-level noise. For 
the impulse response and corresponding DFT ampli- 
tude curve of Figs. 7B and 7D, the spike window was 7 
ms in duration and opened 3 ms after the transition 
from low- to high-level noise. The shapes already have 
reached those of Fig. 6 for high-level noise. 

When a spike window comparable to that for the 
high-level noise response in Fig. 7 (i.e., a 7 ms window 
opening 3 ms after the transition) was used for the 
low-level noise, the proximity to high-level noise cre- 
ated an artifact in the impulse response. This can be 
seen beginning at 3 ms in Fig. 8A. To compensate for 
this problem, we carried out the DFT over only the 
first 3 ms of the waveform of Fig. 8A. The resulting 
amplitude curve, shown in Fig. 8B, suggest that the 
low-level tuning properties already are established (i.e., 
within 3 ms). 

tions reported in this paper replicate, for the gerbil, 
those by Moiler (1977, 1978, 1986) for the rat and those 
by Evans (1977) and Carney and Yin (1988) for the cal. 
All three species show increased damping of the esti- 
mated impulse response and corresponding broadening 
of its DFT. Our data seem to extend thesc results to a 
higher range of frequencies. In doing so, they show 
low-frequency humps (in the units with higher CFs) 
that are much more exaggerated than those reported 
previously (by M~ller). Our data also show, for the first 
time, that the intensity-dependent changes in the im- 
pulse response take place very rapidly-- in both direc- 
tions. 

For each of the higher frequency units (i.e., CFs 
greater than approximately 2 kHz), the hump revealed 
by the higher-intensity noise could be taken to imply 
the presence of two filters, tuned to different frequen- 
cies and exhibiting markedly different dependence on 
stimulus level. The impulse responses of both filters 
seem to have properties (e,g., non-monotonic envelope, 
non-constant ringing frequency) that one would associ- 
ate with high dynamic order (e.g., many eigenfrequen- 
cies) rather than simple resonances (MNler and Nils- 
son, 1979; Lewis et al., 1990). Dual filters have been 
implied previously by neural data, including data from 
otoacoustic emission experiments (e.g., see Brown and 
Williams, 1993). They also appear in several recent 
cochlear models (e.g., Allen and Fahey, 1993; Neely 
and Stover, 1993). The fact that our evidence for two 
filters is stronger at higher-intensity stimuli suggest 
that these filters are not the same as those implied by 
the otoacoustic emission data of Brown and Williams, 
where the effects of one member of the putative filter 
pair disappeared at higher stimulus levels. 

The evidence observed by us and others for in- 
creased damping in response to increased stimulus 
level can be explained in various ways (e.g., see Mar- 
marelis, 1991; Eggermont, 1993). Our purpose in carry- 
ing out this project, however, was to contribute to 
development of descriptive models of the behavior of 
the cochlea as a whole. We have not attempted to 
relate our observations to emergent properties of syn- 
thetic models of the cochlea (i.e., to models synthe- 
sized from descriptions of putative underlying mecha- 
nisms or models comprising various combinations of 
linear and non-linear processes). The rapidity with 
which tuning changed in response to rapid changes in 
stimulus intensity, however, should establish con- 
straints on the classes of applicable synthetic models. 

4. Discussion 

With respect to the stimulus-intensity dependence 
of estimated cochlear impulse responses, the observa- 
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