Noise-Induced Hearing Loss Can Alter Neural Coding and

Increase Excitability in the Central Nervous System

Abstract. Responses of auditory neurons in the inferior colliculi of mice were
studied longitudinally before and shortly after each animal was exposed to intense
noise. Noise exposure caused expected losses in auditory sensitivity, but in 31
percent of the neurons studied, unexpected alterations of temporal patterns ofaction
potentials were observed: certain suprathreshold stimuli that had evoked only
transient ‘‘onset’ responses or inhibition of spontaneous discharges prior to noise
exposure came to elicit sustained excitation after exposure. Thus, noise-induced
hearing loss can be associated with increases in neural responsivity and alterations

of normal neural coding processes.

The effects of noise exposure on hear-
ing sensitivity have been studied primari-
ly in the peripheral auditory system.
Noise can impair the function of cochle-
ar structures, resulting in temporary or
permanent hearing loss (/). Little is
known, however, about the conse-
quences of this reduced peripheral sensi-
tivity on the activity of neurons in the
auditory areas of the central nervous
system (CNS), where the ultimate cod-
ing processes take place for perceptual
experiences such as pitch and loudness.
Such perceptual experiences are often
altered after noise exposure (2).

One way to approach this problem is
to record the activity of single neurons
immediately before and after noise expo-
sure to determine the resulting alter-
ations in response properties. Only one
neuron can be studied in a given ani-
mal—once the animal has been exposed
to intense noise, the sensitivity of its
auditory system is reduced (3). We have
used mice as subjects to study changes
of discharge patterns of individual neu-
rons that indicate increased excitability
and alterations of coding after exposure
to noise.

The temporal pattern of neuronal dis-
charges (action potentials) during acous-
tic stimulation is thought to play a key
role in the coding of sounds (4-6), and
central auditory neurons can display one
or several of a variety of patterns. The
discharge pattern is presumed to reflect
the interplay of excitatory and inhibitory
neuronal processes (4-6): sustained (re-
petitive) firing of action potentials during
the presentation of stimuli thus indicates
the predominance of excitatory process-
es with little influence of inhibitory pro-
cesses; ‘‘onset’’ responses (at the begin-
ning of stimulation only) or inhibition of
spontaneous neural discharges by sound
reflect inhibitory influences. Since pe-
ripheral auditory nerve fibers respond to
sounds with sustained responses only,
the occurrence of onset or inhibitory
responses in the CNS indicates suppres-
sion of neural excitation by inhibitory
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processes. Changes in discharge patterns
for a given neuron under particular stim-
ulus conditions would imply an alter-
ation in the interplay of excitatory and
inhibitory processes and, consequently,
interference with normal coding. Thus,
in evaluating the effects of noise on cod-
ing, we focused our attention on dis-
charge patterns.

Seventy inbred C57BL/6 mice were
studied, with data being obtained from
one neuron in the inferior colliculus (IC)
of each (7). The IC is a higher-order
auditory nucleus whose neuronal re-
sponses reflect synaptic input from nu-
merous other auditory centers in the
brain. Extracellular responses were ob-
tained from individual neurons of lightly
anesthetized, tranquilized mice (8). Tone
stimuli (200 msec long, S-msec rise-fall,
one stimulus per second, series of ten
stimuli) were presented at frequency-
intensity combinations throughout the
neuron’s frequency response range, and
frequency threshold curves (FTC’s) (re-
sponse threshold as a function of fre-
quency) were obtained. The mouse was
then exposed to white noise [95- or 110-
dB sound pressure level re 0.0002 dyne/
cm? (20 pN/m?)] for 30 seconds (Fig. 1).
Immediately after noise exposure, re-
sponses were again recorded.

Noise exposure of either intensity
caused statistically significant mean
threshold elevations, most prominently
at high frequencies (9); changes in su-
prathreshold response properties will be
described elsewhere (10).

Twenty-two of the 70 neurons showed
noise-induced increases in response
rates associated with the addition of sus-
tained discharges to onset or inhibitory
patterns (11). In all cases, the changes in
response patterns occurred only at some
frequencies. Figure 1 presents data from
two neurons that demonstrate the addi-
tion of sustained discharges to the onset
patterns that existed before noise expo-
sure at certain frequencies. The number
of discharges at 27.2 kHz increased after
noise exposure despite a severe thresh-
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old elevation (Fig. 1A). Increased re-
sponsiveness caused a decrease in the
threshold at 35.4 kHz (Fig. 1B). Al-
though discharge rates at all intensities
of stimulation are not shown, the addi-
tion of sustained discharges occurred at
other suprathreshold intensities as well
(but were not seen at any intensities
before exposure). The changes in dis-
charge pattern were observed mainly (14
neurons) in the high-frequency portions
of the neurons’ response areas, but were
sometimes found in low- or mid-frequen-
cy ranges (four neurons each), and oc-
curred in 16 of 41 neurons of mice ex-
posed to 95-dB noise and in 6 of 29
neurons after 110-dB noise. Most of
these neurons were located near the cen-
ter of the central nucleus of the IC (Fig.
1, E and G).

These data indicate that after noise
exposure, neuronal discharge patterns
can undergo significant changes. Thus,
noise exposure can alter neural coding in
ways previously unappreciated. The
question of whether these effects are
caused by noise exposure or are perhaps
an aspect of normal response variability
must be addressed. Several points argue
that noise exposure is responsible. (i)
The time interval between recording and
rerecording was short, from 1 to 15 min-
utes, reducing the likelihood of general
changes in the state of the animal. (ii)
Control experiments, in which one neu-
ron or a small cluster of neurons were
monitored over comparable time periods
but without noise exposure, showed a
high stability of patterns (/2). (iii) Previ-
ous work with this preparation (8) and
the work of other investigators using
other preparations, indicate that IC re-
sponse patterns are generally stable for a
given stimulus condition (I/3). This is
even true of unanesthetized behaving
animals (6) in which variability might be
expected to be greater than in our anes-
thetized preparation. (iv) Finally, re-
cordings were obtained from several
neurons at additional temporal intervals
after the noise (that is, on several re-
tests). Threshold sensitivity recovered
somewhat, and additions of sustained
discharges that appeared shortly after
noise exposure tended to disappear with
time as the pattern returned to its origi-
nal form (10).

How could a reduction of auditory
sensitivity cause changes in discharge
patterns and increases in the excitability
of central auditory neurons? Although
excitability can increase in pathological
cochleas (/4), interplay among excitato-
ry and inhibitory synaptic inputs to CNS
neurons must also be considered. Re-
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sponse patterns of auditory neurons in
the IC and elsewhere are often changed
by variations of frequency, intensity, or
other properties (4—6). Presumably dif-
ferent combinations of acoustic proper-
ties activate different peripheral ele-
ments, which in turn activate different
combinations of excitatory and inhibi-
tory circuits. After noise-induced hear-
ing loss, a stimulus may initiate an ab-
normal set of neural events, resulting in
altered interactions among excitatory
and inhibitory processes. Thus, a variety
of functional changes could be induced
by hearing loss, depending on the partic-
ular array of synaptic inputs that a neu-
ron receives and how these inputs are
activated by various stimuli. If inhibitory
input to a neuron were especially im-

paired by noise exposure, the relative
effectiveness of excitatory inputs could
increase, resulting in observations such
as ours. Thus, it is of interest that (i)
most of the increases in responsiveness
were observed at high frequencies; (ii)
mouse IC neurons are most likely to
receive inhibitory input from high-fre-
quency stimulation (8); and (iii) the noise
exposures used impaired high-frequency
sensitivity most (9).

Whether an auditory neuron responds
to a particular sound with an onset or a
sustained response must determine the
ability of its action potentials in coding.
After noise exposure some neurons that
responded to certain sounds with onset
responses came to respond with sus-
tained responses (and vice versa) (/1), at
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Fig. 1. Noise-induced changes in response areas of two IC neurons. (A and B) Number of
discharges per ten-stimulus series at one suprathreshold intensity before noise exposure (solid
lines) and after noise exposure (dashed lines). Histograms (black background) show discharge
patterns and represent sums of ten responses, each evoked by a 200-msec tone. White arrow
indicates termination of tone. Only onset responses were evoked by high-frequency tones; after

noise exposure, the same stimuli also evoked

sustained discharges. (C and D) Frequency

threshold curves. (E and G) Locations of the two neurons are shown by lesions in Nissl-stained
coronal sections; the curved black lines show the ventromedial border of the central nucleus of

the IC. (F) The spectrum of the white noise as

a function of sound pressure level per third-

octave band is also shown for 95-dB intensity. The shape was similar for 110-dB noise, with

sound pressure levels elevated somewhat.
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least temporarily. Thus, exposure to
noise (at levels not uncommon in our
environment) not only reduces hearing
sensitivity, but can also affect neural
coding processes in the brain. These
observations may help to explain why
hearing loss (resulting from noise or oth-
er causes) often causes perceptual prob-
lems, even when sounds can be readily
heard.
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