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An overview of animal models of tinnitus
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Abstract. An overview of animal models of tinnitus. Tinnitus, or the phantom perception of sound, is one of the great
unsolved problems of otology. It is present in all patients with hearing loss and, in approximately 5-10% of individuals,
it has a significant impact on quality of life. Progress in the treatment of tinnitus has been limited by a lack of animal
models that can be used to study the neurophysiology of tinnitus and to examine prospective treatment. In the last ten
years, several physiological and behavioural animal models of tinnitus have been developed that have significantly
increased our understanding. The next ten years will see the application of these models to drug devel opment and elec-
trical stimulus approaches to curing tinnitus.

Tinnitus is the perception or con-
scious experience of sound.
Tinnitus can be divided into two
main types. objective and subjec-
tive tinnitus. Objective tinnitus
has a definable cause in the sub-
ject experiencing the sound and an
outside observer can therefore
hear the sound. Subjective tinnitus
is, however, experienced solely by
the patient. At present, no defini-
tive cause for subjective tinnitus
has been found. What is known
is that subjective tinnitus is
associated with certain insults to
the auditory system. Both loud
noise exposure and the use of oto-
toxic medicine |leads to the experi-
ence of tinnitus. Furthermore,
subjective tinnitus is usually, but
not aways, associated with
hearing loss. In an attempt to
uncover the aetiology of subjec-
tive tinnitus, researchers have
studied the effect of these tinnitus-
inducing agents on animal
auditory systems. The hope is to
develop an anima model of what
happens neurophysiologically in
the auditory system so that treat-
ments can be aimed at reversing or
modulating these changes.

Researchers have studied the
effect of loud noise exposure and
salicylate ingestion at the various
levels of the auditory pathway.
Depending upon the dosage
administered, the use of salicylates
has been shown to cause an
increase in the spontaneous dis-
charge rates of guinea pig auditory
nerve fibers! Furthermore, single
unit recordings from the inferior
colliculus and All region of the
auditory cortex of rats show simi-
lar increases in spontaneous neural
activity in response to salicylate
administration, especially among
units tuned to frequencies between
10-16 kHz.> Importantly, this
implies that salicylate-induced tin-
nitus leads to high-pitched tinnitus
in both humans and animals.

Other studies have focused on
the effects of loud noise exposure
on the various levels of the
auditory pathway. One of the first
studies was that of Liberman and
Kiang® in 1978, which looked at
the effect of noise exposure on the
spontaneous discharge rates of cat
auditory nerve fibres. This study
proposed the idea that tinnitus
could be secondary to “edge

effects’, or the contrast in afferent
input to higher auditory levels due
to the frequency boundary
between regions of normal sponta-
neous activity and decreased
spontaneous activity caused by
hair cell damage. Most studies
have agreed with Kiang's findings
that noise exposure has both acute
and chronic suppressive effects on
spontaneous discharge rates of
auditory nerve fibres. However,
patients who have undergone
eighth cranial nerve section con-
tinue to experience tinnitus, and
therefore tinnitus cannot simply
be explained by a peripheral phe-
nomenon. In fact, after exposure
to tinnitus-provoking agents, ani-
ma models show very different
findings at higher levels of the
auditory pathway.

Zhang and Kaltenbach* have
studied the effect of tinnitus-
inducing agents on the dorsal
cochlear nucleus of severa rodent
species. This set of experiments
began by measuring the sponta-
neous activity (SA) in three rows
at eight to twelve locations aong
the tonotopic profile of the dorsal
cochlear nucleus (DCN) of noise-
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exposed rats. Hyperactivity was
found to be distributed broadly
across the DCN with a pesk at the
10kHz locus. Adding power to
the previous model, Kaltenbach®
then compared the SA inthe DCN
of animals previously exposed to
loud noise with the SA that nor-
mal animals presented with a sim-
ilar frequency tone during mea-
surement. The results suggested
that the noise-traumatised DCN
behaved physiologically asthough
it were responding to a perceived
tone without an actual acoustic
stimulus.

Imig and Durham® studied the
effect of unilateral noise exposure
on the tonotopic array of the DCN
and the central nucleus of the infe-
rior colliculus (1Cc) inrats. Instead
of electrical recordings, they
employed the 2-deoxyglucose
method to measure metabolic SA
at these various levels of the audi-
tory system. Whereas Kaltenbach
found elevated spontaneous elec-
trical activity broadly across the
tonotopic map of the DCN, Imig
and Durham’s model showed a
relative decrease in the optical
density (OD) measurement of
2DG at the high frequency region
of both the DCN and ICc. The
ratio of high-frequency to low-fre-
guency OD was therefore reduced
in these structures compared to
both the contralateral pathway and
control animals. This finding of a
relative decrease in high-frequency
OD correlated well to a previous
study in chinchillas showing a
reduction in SA of neurons with
high characteristic frequencies
(CF) relative to those with low
CF" Furthermore, this model sug-
gests that Liberman and Kiang's
“edge effects’ existed at higher
levels of the auditory system,
and could be a neural correlate of
tinnitus within these structures.

All of the above studies focus
on neurophysiological changes in
response to tinnitus-provoking
agents. However, the laboratory
study of tinnitus using these types
of anima models faces one sen-
tinel issue: there is no objective
way to determine when tinnitusis
present. Can one therefore claim
that these changes are truly due to
tinnitus, or is there some other
cause? In order to help resolvethis
problem, animal models have
been developed with the goal of
inducing tinnitus-like behaviour.
Jastreboff® developed the first of
these proceduresin the 1980s. His
experiment was based on the idea
of conditioned suppression, simi-
lar to classical conditioning.
Essentidly, if astimuluswarnsthe
anima of an impeding aversive
event, the anima will cease a
behaviour while the warning stim-
ulus is present. More specificaly,
Jastreboff worked with animals
that were originally kept in a
constant sound field, and the
behaviour measured was licking a
water spout. Control animals were
then trained to suppress drinking
behaviour when the warning
stimulus of silence was present. A
second set of animals were trained
with a constant tone present, even
when the sound field was turned
off. These animals returned to
licking behaviour faster than
their matched controls. This group
simulated what would be expected
if tinnitus were present. Once the
model was in place, a third group
of animals received large doses
of salicylate. Interestingly, these
animals also recovered licking
behaviour more rapidly during the
extinction phase. In effect, they
were responding as if perceiving
an auditory sensation other than
silence?® Since that time, severd
other behavioural models have
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been developed to help correlate
neurophysiological changes seen
with noise exposure and salicylate
administration.

Several recent studies have
used behavioural data to make
sense of some of the previous neu-
rophysiological changes seen with
loud noise exposure and salicylate
administration. As noted above, a
growing body of evidence points
toward the DCN as an important
structure in the search for a neura
code for tinnitus. To test this fur-
ther, a study was done to ablate
the DCN in rats who previously
showed tinnitus-like behaviour.
Somewhat unexpectedly, bilateral
DCN ablation did not significant-
ly affect the psychophysical evi-
dence of tinnitus, and unilateral
ablation appeared to increase tin-
nitus behaviour.® The researchers
concluded that the DCN did not
act as a simple feed-forward
source of chronic tinnitus. Instead,
they hypothesised that elevated
DCN output following trauma
may trigger permanent changesin
the auditory pathway sufficient to
sustain tinnitus-like neural activity
at these higher levels, even after
DCN ablation.

Another study combining neu-
rophysiological changes and
behavioural data looked at Fos-
like immunoreactivity (FLI) in
hamsters previously exposed to
intense sound.*® FLI had previous-
ly been found at elevated levelsin
the auditory cortex of gerbils
exposed to salicylate* The
immunocytochemical results
showed elevated FLI in the audito-
ry brainstem, especialy the ICc,
the auditory cortex, and some
non-auditory limbic regions. In
human functional brain imaging
studies, these areas also show
elevated activity. Behavioural
scores suggested that the animals,
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in fact, were showing tinnitus-like
behaviour.

The higher levels of the audito-
ry system, including the inferior
colliculus and auditory cortex, as
well as other non-auditory neural
structures, have been evaluated
using behavioural anima models
examined with functional brain
imaging. Manganese-enhanced
magnetic resonance imaging
(MEMRI) has been used to assess
the CNS of animals with previous
psychophysical evidence of tinni-
tus2 Animals with tinnitus-like
behaviour showed increased
uptake in the auditory brainstem,
especially in the area of theinferior
colliculus, as well as decreased
activity in general forebrain
structures. These findings were
compared to a group of normal
animals imaged while exposed to
a tinnitus-like sound. A similar
finding of elevated brainstem and
decreased forebrain activity was
noted. Furthermore, with the
administration of Vigabatrin, a
GABA agonist previously shown
to eliminate psychophysical
evidence of tinnitus in rats, the
previously elevated brainstem
activity was reduced to control
levels, and forebrain activity was
reduced even further.®

A synthesis of the above
models leads to some interesting
hypotheses. Noise exposure and
salicylate administration leading
to cochlear trauma have a suppres-
sive effect on at least some of the
afferent input to the auditory
brainstem via the auditory nerve.
However, at the level of the DCN,
ICc, and higher levels, this is
transformed into elevated neural
activity. It has been suggested that
normal peripheral afferent SA
could be an inhibitory “code for
silence” to higher levels of the
auditory system. When cochlear

insults disrupt and suppress this
activity, the brainstem auditory
structures become “disinhibited”,
and thiswhich leads to inappropri-
ate neuroplastic changes that are
eventually expressed as phantom
auditory perception, or tinnitus.
One possible mechanism for aloss
of inhibitory tone is the down-
regulation of GABA, an inhibitory
neurotransmitter found at many
levels of the auditory system.
This would explain the above
effect caused by Vigabatrin, a
GABA agonist, in reducing tinni-
tus-like behaviour in animals.
Much of the frustration encoun-
tered in treating tinnitus stems
from the lack of understanding of
the neura events leading to phan-
tom auditory perception. In the
last decade, with the devel opment
of both neurophysiological and
behavioural animal models,
strides have been made towards
deciphering the neural code for
tinnitus, and we are therefore that
much closer to effective treatment.
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