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Introduction

Tinnitus in the present review refers to chronic subjective tinnitus, which has no identifiable
acoustic correlate. Despite the common name, “ringing in the ears,” its source(s) appear to
be primarily in the central nervous system rather than the auditory periphery. Acute tinnitus
commonly follows a single exposure to high-level sound or a high dose of aspirin, and
typically resolves within minutes to hours. As such it is not of medical concern. In contrast,
chronic tinnitus, estimated to affect 35 — 50 million adults in the US [3], most commonly
follows auditory trauma or chronic hearing loss, and often persists for a lifetime [4]. It has
been estimated that about five percent of those experiencing chronic tinnitus seek medical
treatment. Although common, and recognized since the time of Galen [5], the
pathophysiology of tinnitus is incompletely understood. This contributes to the absence of
generally effective treatments, although a standard of care has been established [6 7].
Tinnitus is typically perceived as a simple sound, a ringing or buzzing sensation, but its
pathophysiology is far from simple.

Animal Tinnitus Models

Tinnitus appears to be a primitive hearing disorder. This is not to say that its pathology is
simple, but rather that it derives from basic neurophysiological mechanisms likely to be
present in animals as well as humans [8]. Animal models have been available since 1988 [2],
and have contributed significantly to understanding the neuroscience of tinnitus [9 10].
Although animal models only approximate the human condition, their advantages over
clinical studies are several. Most notably: (a) they directly control etiology, (b) they permit
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application of many experimental tools, from behavioral to molecular, and (c) random
assignment to experimental groups enables the use of more powerful inferential statistics as
well as attribution of cause.

The key problem in developing an animal tinnitus model is objective and reliable
assessment, rather than induction. In humans tinnitus can be induced by many conditions.
These conditions have in common the reduction of peripheral signal to the brain [11-13]. In
animals, tinnitus has been induced using systemic treatment with salicylates [2, 14-17],
ototoxic exposure [18-20], surgical disruption of the cochlea [21], and acoustic over
exposure [19, 22-24]. These methods draw upon factors known to affect tinnitus in humans.

The key to solving the assessment problem was provided by Jastreboff and colleagues [25].
Although tinnitus might sound like anything to an animal (or human), it can never sound like
silence. All animal models of tinnitus use behavioral methods that differentiate how animals
respond to sound versus silence. Typically animal studies also include one or more normal-
hearing control groups. Although considerable effort has been invested in finding valid and
reliable direct measures of tinnitus that do not involve behavior, at present behavioral
methods are used exclusively for at least two reasons: There is no procedure for either
reliably producing or determining tinnitus alone, without potential confounds. A
presumptive tinnitus state might be derived from associated phenomena such as hearing loss,
hyperacusis, or drug side effects. Behavioral methods enable such confounds to be more
clearly sorted out.

It should be noted that many presumptive tinnitus animal experiments have examined the
effects of conditions likely to cause tinnitus, such as high-level sound exposure or ototoxic
damage, without directly confirming the presence of tinnitus. These experiments can be
informative about the consequences of auditory insults, but should be interpreted cautiously
with respect to tinnitus. Not all humans exposed to acoustic trauma, or other insults develop
tinnitus [26]. Similarly it has been shown that not all animals exposed to tinnitus-inducing
procedures display evidence of tinnitus [27-29]. Therefore, experiments that only examine
the consequence of manipulations that typically produce tinnitus, without objective
confirmation, are likely to include animals without tinnitus and therefore could be reporting
the effects of something other than tinnitus.

Unfortunately there is no generally accepted, or standard, animal model of tinnitus against
which others can be validated. Existent models have their respective strengths and
weaknesses. For overview purposes, animal models can be divided into two broad
categories: Models that interrogate animals about their auditory experience, and models that
examine alteration of an auditory reflex. Interrogative models, hereafter called operant
models, loosely following the terminology of Skinner [30], examine the effect of tinnitus on
voluntary, or emitted behavior that is modified by training in an acoustic environment. These
models have the general advantage of relying on auditory perception. As such, animals
evaluate what they are hearing and differentially respond on the basis of their evaluation.
Because operant methods require animals to report what they are hearing, they have
conceptual features in common with the interrogation of humans with tinnitus, i.e.,
analogous to asking, “what do you hear?” Operant models tap into functions in many brain
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areas, including areas outside those commonly defined as auditory. Although this aspect of
operant models might be considered a shortcoming, it is also a strength, in that
contemporary research has shown tinnitus to be mediated by widely distributed alterations in
brain function [11, 31-34]. A shortcoming of operant models is that they require training
and motivating subjects, interventions that can be both time consuming and requiring careful
experimental control. In contrast, reflexive animal models rely on unconditioned reflexes,
such as the acoustic startle response, and do not require either training or motivation
management. Reflexive methods, such as sound gap inhibition of acoustic startle (GPIAS),
are also rapid, and therefore well suited to determining the time course of tinnitus
development. These features probably account for the current widespread use of GPIAS in
animal tinnitus experiments. Although widely used, GPIAS models are not without their
own issues and complexities. A further consideration is that the acoustic startle reflex, on
which GPIAS is based, depends primarily on brainstem circuits [35]. Therefore the
neurophysiological substrate driving the reflexive behavior assessed by GPIAS, might not
have the same substrate indicated by operant models.

GPIAS Models

Animal research

More than ten years ago a new method for tinnitus screening in laboratory animals was
introduced by Turner and colleagues [1]. This paradigm utilizes the acoustic startle reflex
which is ubiquitously expressed in mammals and consists of contraction of the major
muscles of the body following a loud and unexpected sound [36] (Fig.1, A). This reflex is
reduced when preceded by a silent gap embedded in a soft background noise or tone (Fig.1,
B). Gap detection is typically assessed by the ratio between the magnitude of the startle
stimulus presented alone (no-gap trial) and trials in which a gap preceded startle stimulus
(gap trials), also known as gap-prepulse inhibition of the acoustical startle (GPIAS) [1].
Reduced inhibition, following acoustic trauma or sodium salicylate treatments is assumed to
reflect tinnitus perception: When tinnitus is qualitatively similar to the background noise, it
“fills in” the gap and hence, reduces inhibition (Fig.1, C).

This method was enthusiastically adopted and is now widely used by many scientists in the
field due to its relative simplicity over the other methods of tinnitus assessment. Since it is
based on a reflex, the method is much cheaper and faster than other methods requiring
training animals for weeks or months [22, 59]. It also allows for tinnitus screening of a large
number of animals testing simultaneously in multiple testing boxes. Comparing animals’
gap detection performances before and after tinnitus induction allows to separate tinnitus
positive from tinnitus negative animals. The possibility of using this method for scientists
with little experience in animal behavior and an opportunity to apply this methodology for
tinnitus assessment in humans, made GPIAS the dominant assessment method in the field of
tinnitus research.

The GPIAS methodology has been improved upon over the last decade [37, 38]. It has been
shown that careful considerations of GPIAS parameters such as the startle stimulus and
background intensities, acoustical parameters of the gap of silence preceding the startle, and
overall duration of a testing session, greatly improve results of GPIAS testing in laboratory
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animals [39]. Recent research also demonstrated large variability in GPIAS measurements
between different days of testing especially in mice [40]. Therefore averaging these results
across multiple testing sessions greatly increases statistical power of the obtained data and
improves the reliability of tinnitus assessments. Recent improvements to startle response
magnitude assessments [41, 42] and various methods of startle response separation from
animals’ ambient movements [41, 43] greatly improve GPIAS data analysis. In small
rodents the whole body startle reflex is relatively easy to measure, but in larger, less active
mammals, such as the guinea pig, it habituates very rapidly. Therefore the pinna reflex
measurement technique has been suggested to be used instead of whole body startle reflex
during GPIAS sessions (44; 45).

Despite years of using GPIAS for tinnitus assessment in various laboratory animals, the field
continues to debate the original “filling-in” interpretation of the paradigm. In a study
conducted on mice, the placement of the gap of silence either closer or further away from
the proceeding startle stimulus could dramatically alter gap detection performance in mice
(46). Therefore the authors raised a doubt as to whether tinnitus is “filling-in” the gap,
otherwise the gap placement before the startle should not have a large effect on animal’s gap
detection performance. Importantly however, the most significant debates concerning
GPIAS methodology on animals largely depend on successful demonstration that the
method is capable of assessing tinnitus in humans.

Human research

One of the main advantages of GPIAS over other methods is that it can be used in both
laboratory animals and humans [37]. Several research labs have attempted to apply GPIAS
method to humans for tinnitus assessment. Eye blink was proposed to be used instead of
whole body startle reflex in these studies. These experiments had a significant advantage
over the animals’ studies because in humans, exact tinnitus parameters such as intensity and
spectrum can be identified by tinnitus self-reports. If so, during GPIAS testing it is possible
to match the background sound parameters to a person’s tinnitus characteristics which
would theoretically optimize the success of the GPIAS. Unfortunately, in one of these
studies it was found that gap detection performance in tinnitus patients did not depend on
whether the individuals have tinnitus or not [47]. Another study showed a difference in gap
detection performance between tinnitus patients and controls [48]. However this deficit was
not linked to the tinnitus frequency. While these studies raised concerns and emphasized
caution, they did not rule out a possibility that GPIAS deficits can indeed be interpreted as
an indication of tinnitus. Indeed, if animals or humans constantly experience a phantom
sound, it must still be present during the silent gap during GPIAS testing. Therefore a gap,
even partially filled by tinnitus, would still be making gap detection more challenging
especially when the background spectrum would closely match the spectrum of tinnitus.
Further research on the improvements of GPIAS testing paradigm might help to detect gap
detection challenges in tinnitus patients. The most recent work has attempted to directly
measure human neurophysiological correlates of gap detection with cortical auditory evoked
potentials (CAEP) recorded in the electroencephalogram (EEG) [49]. The N1 potentials in
response to gaps of silence were recorded from scalp in normal tinnitus-free individuals.
Such an approach does not require overt responses from the participant nor measures
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responses modulated by gaps. Gap-evoked cortical responses were identified in all
conditions for the vast majority of participants. The N1 responses were independent of
background noise frequencies or background levels. The authors recommend that this
experimental design could be used in both animals and humans to identify tinnitus
objectively.

Early Operant Models

A variety of operant methods for tinnitus determination in animals have been developed.
Two early operant models, those developed by Jastreboff et al. [2] and Bauer et al. [22],
illustrate many features common to these models. Operant models examine the effect of
tinnitus on emitted behavior that has been modified by auditory training. Both methods are
interrogative, in that they require subjects to respond differentially to auditory events. In the
Jastreboff model, tinnitus was induced by high systemic doses of sodium salicylate. Rats
were conditioned to stop licking a water spout by imposing a mild electric shock, at the end
of random periods when the background sound (broad-band noise; BBN, 60 dB, SPL) was
turned off, i.e., external silence. The animals were then tested with randomly-inserted silent
periods, without shocks, following acute salicylate exposure (300 mg/kg). The salicylate-
treated animals showed more persistent licking during the sound-off periods than controls
without salicylate [2]. The interpretation was that salicylate induced tinnitus, as it is well
known to do in humans, and masked the sound-off silence; therefore the rats continued to
lick as they would have if sound were present. In an informative variant procedure,
Jastreboff et al. demonstrated the obverse effect with animals that were lick-suppression
trained while on salicylate [2]. In this variant, the rats suppressed licking more during sound-
off test periods than non-salicylate controls. The interpretation was that suppression training,
with tinnitus present, conditioned the animals to not lick when their tinnitus, a salient
internal sound, was heard. A limitation of the Jastreboff salicylate lick-suppression model is
that it was only suitable for determining acute tinnitus. Reasons for this limitation are
twofold: tinnitus induced by salicylate treatment is temporary, subsiding within a day or so
after discontinuing the drug, and more importantly, the tinnitus influence on licking was
measured during extinction of conditioned suppression (there were no shocks when tinnitus
testing). Extinction is a transient behavioral state.

A derivative operant method, well suited to assessing chronic tinnitus and still in use, was
developed by Bauer and colleagues [14 22 23]. In the Bauer model, chronic tinnitus was
induced using a single unilateral exposure to moderate-level tones (4 kHz at 80 dB SPL) in
chinchillas, or high-level band-limited noise centered at 16 kHz (116 — 120 dB, SPL) in rats,
for one hour, three or more months prior to tinnitus assessment. Unilateral exposure was
used to preserve normal hearing in one ear. It also reflects a condition commonly associated
with tinnitus in humans. Asymmetric acoustic trauma or hearing loss in humans is
commonly associated with chronic tinnitus, including bilateral tinnitus [50]. All animals
were trained to lever press for food pellets in the presence of broadband noise (BBN) (60
dB, SPL) and were tested for tinnitus using randomly introduced 1-min periods of either
sound off, or tones at various levels. Lever pressing during sound-off periods was suppressed
by delivering a lever-press-contingent foot shock at the end of sound-off periods. In other
words, the animals could avoid the foot shock by not lever pressing during sound off.
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Tinnitus was indicated by decreased lever pressing when tested with tones in the vicinity of
20 kHz (Fig 2A), although tones of various frequency at various levels were tested. Control
animals were not exposed to tinnitus induction but were otherwise treated and tested in
parallel. The interpretation was that animals with chronic tinnitus could not hear true silence,
but instead heard their tinnitus. Because they were trained to suppress lever pressing when
their tinnitus was audible (during sound off periods), they suppressed lever pressing to
stimulus-driven sensations that resembled their tinnitus [8 22]. Note that in the Bauer model
testing and training are integrated into every session. This meant that chronic tinnitus could
be measured with undiminished sensitivity over long periods. The model has been used to
assess tinnitus in rats for as long as 17 months [22]. It was also found that a proportion of
the exposed animals, typically 30 to 40 percent, did not develop tinnitus, although the
audiometric profile of all exposed animals was equivalent (Fig. 2B). The Bauer model has
also been used to determine acute tinnitus induced by systemic salicylate [14] as well as
chronic tinnitus induced by ototoxic exposure [19].

Operant Model Variations

Experimenters have examined a number of variations in an attempt to improve operant
models. Several excellent reviews of tinnitus models may be consulted for variant features
[51-53]. The extended training required by the Bauer model negatively impacts throughput,
and can be shortened by employing an unconditioned indicator such as licking a spout for
water. A number of researchers have adopted this modification. Zheng and colleagues
developed a model that incorporated many features of the Bauer model, using water
deprived rats required to lick a spout for water instead of pressing a lever for food [54]. This
considerably decreased training time, although it did not decrease the time required for
tinnitus to appear after acoustic induction. A wrinkle that must be addressed when
substituting licking for lever pressing is the episodic nature of licking. Spontaneous pauses
in licking must be taken into account, so as not to count them as false positive suppressions.
Zheng et al., used shortened test sessions to reduce this error. In another operant variation,
using licking behavior, May and colleagues trained rats to lick to sound resembling their
tinnitus, rather than suppressing to tinnitus-like sound [55]. Chronic tinnitus was induced
using high-level sound exposure while acute tinnitus was induced using high-dose salicylate
treatment. Episodic features of licking were controlled by using test periods of only a few
minutes, and by using a tinnitus score normalized to each animal’s non-test lick rate. They
found acoustic-induced chronic tinnitus with characteristics similar to 16 kHz tones, while
acute salicylate induced tinnitus was similar to narrow-band noise between 8 and 22 kHz.

Licking in combination with conditioned place preference has been used to indicate chronic
acoustic-induced tinnitus in hamsters [56]. Two spouts were available from which to drink,
each in a distinct location; animals were trained to use the non-preferred spout in the
presence of an ipsilateral external sound. Testing occurred in silence. Licking at the sound-
conditioned (non-preferred) spout indicated tinnitus [29]. Using a variant of this method,
Heffner trained rats to lick from visual-and-auditory cued left or right water spouts. After
unilateral sound exposure, Heffner was able to use left vs right spout choice to indicate
tinnitus lateral localization [57]. This informative experiment demonstrates how operant
methods have been adapted to answer specific questions, such as tinnitus laterality.
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Model Features: Pros and Cons

Using licking as an indicator requires water restriction, typically for 24 hrs. A nontrivial
consideration is the physiological stress imposed by water deprivation. It has been shown
that restricting water intake in rodents for 24 hrs leads to vasopressin and vascular- induced
central neural changes that are reflected in physiological stress indicators and behavioral
dysfunction [58]. An interesting lick suppression method not requiring water restriction, and
its attendant physiological stress, was developed by Lobarinas and colleagues [59]. The
motivation to lick for water was induced in rats by delivering “free” food pellets at regular
intervals. Although the animals had to be food deprived, they did not have to be water
deprived or extensively trained to lick. Since rats are prandial drinkers, distributed food
delivery will induce licking, hence schedule-induced polydipsia (SIPAC). Once SIPAC
stabilizes, licking can be suppressed to an acoustic signal, using an electric shock. Sound-off
licking can then be compared between animals with tinnitus and those without, with the
expectation that tinnitus animals will do less sound-off licking than non-tinnitus controls
because their tinnitus provides an auditory signal for suppression. Variability of performance
over time and between subjects, however, has been an issue for this model [51].

Unlike reflex-based animal models, operant models are obliged to motivate subjects to
respond appropriately to sensory events. As some pet owners and all animal trainers know,
animals will not comply with human requests unless they are motivated. Typically
motivation is experimentally established by restricting access to food or water, or by
imposing an aversive stimulus. These three strategies may be employed singularly or in
combination to comprise a given method.

Operant models described so far have in common the combined use of positive
reinforcement, such as food or water, and punishment procedures, such as foot shock. It is
well known that aversive stimulus control lends itself to more rapid conditioning than
positive control [60]. With that in mind, some animal models have exclusively used aversive
stimulus control to improve efficiency. Guitton et al., trained rats to jump from an electrified
floor to an insulated pole when an auditory signal was present [61]. Since the task was
moderately strenuous, the animals had a low spontaneous rate of jumping without foot
shock. After salicylate treatment the animals were tested without sound and spontaneous
pole jumps were recorded; an elevated number of jumps indicated tinnitus. Using this model,
both group and individual comparisons could be made, with animals serving as their own
control. A limitation was that the method does not lend itself cleanly to testing chronic
tinnitus, and as a discrete-trial procedure the animals typically had to be handled between
trials in order for a new trial to be initiated. Handling introduces a potential source of error
that may not be entirely controlled by treatment blinding, since an increased number of
spontaneous jumps would un-blind the experimenter. Relying exclusively on aversive
control also interjects a stress factor. However stress could be considered a positive feature,
since humans frequently comment that stress exacerbates their tinnitus.
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Summary: Features of an Ideal Animal Tinnitus Model

Criteria of validity, sensitivity, and reliability have to be balanced against efficiency, cost,
and throughput, in any animal model. An ideal model would be sensitive enough to detect
low levels of tinnitus, yet clearly separate tinnitus from confounds such as hearing loss and
hyperacusis. The sensitivity of an ideal model would not diminish with repeated testing,
allowing measurement of chronic tinnitus and the use of extended test series necessary to
test therapeutics. Sensitive and reliable models should also require a low number of animals.
Determining validity is never as clear cut as determining reliability; however animal models
should be validated against one another and against quantitative human data whenever
possible. Tinnitus features such as pitch, loudness, and duration should be reflected in all
models. Finally, a more direct, and ideally noninvasive, measure of tinnitus, not requiring
extended psychophysical testing would be very advantageous.
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Synopsis

Animal models have significantly contributed to understanding the pathophysiology of
chronic subjective tinnitus. They are useful because they control etiology, which in
humans is heterogeneous; employ random group assignment; and often use methods not
permissible in human studies. Animal models can be broadly categorized as either
operant, or reflexive, based on methodology. Operant methods use variants of established
psychophysical procedures to reveal what an animal hears. Reflexive methods do the
same using elicited behavior, e.g., the acoustic startle reflex. All methods contrast the
absence of sound and presence of sound, since tinnitus cannot by definition be perceived
as silence.
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Key Points
1. At present there is no standard animal model of tinnitus. Two contemporary
types of models are reflexive and operant; each has positive and negative
features.
2. Reflexive models trace their origin to an experiment of Turner et al. [1];

operant models trace theirs to an experiment of Jastreboff et al. [2].

3. Caution is advised to distinguish between animal tinnitus studies that
independently confirm the presence of tinnitus, and those that do not.
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Figure 1.
Schematic description of the GPIAS assay for tinnitus. A. A startle wideband noise stimulus

20 ms duration (vertical bar) is inserted into a narrowband noise or pure tone background
without gap (no gap; top row) and with a gap (middle and lower rows) 20 to 50 ms duration
and presented 50 ms before the startle. B. An animal startle responses to the startle stimulus.
The response amplitude shown by the height of the startle response waveform (top row). In
animals without tinnitus, the gap greatly suppresses the startle response amplitude (middle
row). In animals with tinnitus (bottom row), the gap is filled by the tinnitus (shaded
rectangular within the gap) and the startle response is much less compared to the tinnitus
free animals (middle row).
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Figure 2.
Psychophysical discrimination functions obtained from three groups of rats; relative lever

pressing, recorded as a suppression ratio (y-axis) is plotted against test-stimulus sound level
(x-axis). A suppression ratio of 0 reflects no lever presses, while a suppression ratio of 0.5
reflects lever pressing at baseline rate preceding the test stimulus. Both experimental groups
(n = 8 each; filled square data points) were unilaterally exposed to band-limited noise (120
dB, SPL, octave band centered at 16 kHz) six months prior to testing. The unexposed
controls (n = 8; unfilled circular data points) were trained and tested in parallel. Panel A
shows the average of 5 sessions using 20 kHz test tones. A subset of exposed subjects
suppressed significantly more to the 20 kHz stimuli. The statistical difference between the
Exposed-with-tinnitus and Unexposed groups is shown in the inset. Suppression behavior
(average of 5 sessions) of the same animals tested with broad band noise (BBN), diagnostic
for free-field hearing but not tinnitus, is shown in panel B. Data points are group means
averaged over 5 test sessions; error bars indicate the standard error of the mean. Significance
levels were determined using a mixed analysis of variance (n = 8 per group). SPL, sound
pressure level.
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