Neuroscience Research, 8 (1990) 221-254 221
Elsevier Scientific Publishers Ireland Ltd.

NEURES 00367

Review Article

Phantom auditory perception (tinnitus):
mechanisms of generation and perception

Pawel J. Jastreboff
Department of Surgery, Yale University School of Medicine, New Haven, CT (U.SA))

(Received 10 January 1990; Accepted 25 March 1990)
Key words: Tinnitus; Theory; Mechanisms; Generation; Perception

SUMMARY

Phantom auditory perception - tinnitus - isa symptom of many pathol ogies. Although there are a number
of theories postulating certain mechanisms of its generation, none have been proven yet. This paper analyses the
phenomenon of tinnitusfrom the point of view of general neurophysiology. Existingtheories and their extrapolation
are presented, together with some new potential mechanisms of tinnitus generation, encompassing the involvement
of calcium and calcium channels in cochlear function, with implications for malfunction and aging of the auditory
and vestibular systems.

It is hypothesized that most tinnitus results from the perception of abnormal activity, defined as activity
which cannot beinduced by any combination of external sounds. Moreover, it is hypothesized that signal recognition
and classification circuits, working on holographic or neuronal network-like representation, are involved in the
perception of tinnitusand ar e subject to plastic modification. Furthermore, it isproposed that all levels of the nervous
system, to varying degrees, are involved in tinnitus manifestation. These concepts are used to unravel the
inexplicable unique features of tinnitus and its masking. Some clinical implicaions of these theoriesare suggested.
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1. INTRODUCTION

1.1 Epidemiology of phantom auditory perception

Phantom auditory perception, described as tinnitus in the clinical literature, occurs
with surprisingly high frequency and affects about 35% of the general populatior?”*%%%%2,
with about 15% reporting its presence as frequent or continuous’™*. Tinnitus has been
described in association with nearly every farm of ear pathology. It occurs in 85% of
patients with ear problems®®®, and afflicts nearly 36 million Americans, 7-9 million
severely?*#"1%0272 with high levels of annoyance precluding normal life in about 1
mi1lion?*%272 Neverthel ess, the pathophysi ol ogy of tinnitus hasremained obscureand
its treatment therefore elusive. With respect to a cure for tinnitus, the most recent
clinical information®**%%® s rather pesimistic. Although some relief has been
observed in patients treated with auditory masking procedures %9922 dectrical
stimulation®#>*#*, pharmacological and other methods®"310016924%271 ' most approaches
seem to act on the patient's attitude toward their tinnitus rather than on the underlying
mechanisms*%*?"4 - Additionally, a strong non-specific placebo effect has been
observed, making simple evaluation of treatment effectiveness open for
discussion?’ 43485116525 - Eor most sufferers, particularly the most disturbed and
distressed, help remains inaccessible. Significant progress in this field can only be
achieved by determining the mechanisms of different types of tinnitus generation. A
better understanding of how neuronal activity relatedto tinnitusis processed within the
nervous system is needed to comprehend possible mechanisms of tinnitus attenuation.
Such information will eventually allow for mechanism-specific treatment of tinnitus
patients.

1.2 Ananimal model of tinnitus

Until now, essentially all work on tinnituswas done on humans, with the consequential
implications and restrictions thereby resulting, owing to the lack of avalid animal model
of tinnitus. Recently, suchamodel wascreated inthislaboratory****¢118121 gnd is presently
being used to evaluate different possible mechanisms of tinnitus and methods of
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its alleviation, as well asto address the general issues of perception and hallucinations™’
Thismodel implemented two independent strategies: (i) abehavioral paradigm, based on
Pavlovian suppression technique; and (ii) an electrophysiological evaluation of the
spontaneous activity of single cells recorded from the inferior colliculus.

The behavioral approach is based on the well-established observation that salicylates
cause auditory phantom sensations systematically in humans™'¢°*%2 and the following
reasoning. It is impossible to induce tinnitus in a systematic manner for short, precisely
controlled periodsof time. Thisprecludes utilization of typical behavioral techniquesaimed
at emphasis of the relation between short, well-defined sensory stimuli, which are stronger
than background, and a reinforcement. During these procedures, animals are trained to
habituate to the background. To enable tinnitus detection, it is necessary to reverse this
situation and to utilize trai ning which woul denhance theimportance of acontinuoussignal
(tinnitus), constituting a portion of the background.

To achieve this goal, the following procedure was developed as a modification of the
approach created by Estes and Skinner®. This paradigm is based on the creation of
antagonism between ongoing, appetitively-based behavior and aversively-based response
elicited by Pavlovian training, confronting two opposite motivations: thirst and fear. The
animals' continuous reactions (licking reinforced by water) are partialy attenuated during
theconditioned stimulusbyfear, which hasbeen previouslyassociated with the conditioned
stimulusby proper training. Sincetheanimal licks numeroustimesthroughout theduration
of the conditioned stimulus (30 s), thethirst level iskept constant, and the bal ance between
thirst and fear results in a different extent of reaction suppression, it is then possible to
evaluate gradual changesin the animals fear.

The main idea of the tinnitus detection paradigm was based on areating a situation in
which the presence of a continuous auditory signal would be associated by the animal with
safety and the absence of it (sil ence) with danger. To achieve this, pigmented rats were
exposed 24 h/day to mild (62 dB SPL) naise and were trained to associate silence with
danger by terminating 4 presentations of 30 s of noise offset with a single mild electric
shock. Next, theanimal swent through apassive extinction period, when of fset of noisewas
presented but without the shock. The expectation wasthat if during extinction the animals
experienced salicylate-induced tinnitus (evoked by daily injection of sodium salicylate)
while external noise was off, it would be interpreted as a substitute for background noise,
hence asasignal of safety. Therefore offset of noise should suppress licking to a smaller
extent, and the process of extinction should occur more rapidly than in the control group
injected with saline. Conversely, if the animals were trained in a Pavlovian suppression
situation when salicylate-inducedtinnitus was present, the ratswoul d be conditioned to the
sound of tinnitus asthe conditioned stimulus, since during offset of external noise, tinnitus
would become the dominant signal. This group of animals would be expected to exhibit
stronger and longer lasting suppression than the previously described groups. Thus, daly
salicylateinjection should have an opposite effect on the animals' behavior, depending on
whether the drug was introduced before or after the day of suppression training.

The results obtained, presented, and discussed in detail elsewhere™ fully confirmed
these expectations. Relative to control subjects injected with saline, subjects starting
injections prior to training exhibited more severe suppression and persistence of suppres-
sion. Conversely, subjects beginninginjections after training showed less suppression and
rapid recovery of drinking.

Theimportant question to beanswered wasif the observed effectswere dueto theaction
of salicylate on the auditory system or perhaps due to non-specific action of the
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drug. To test this, another experiment was performed paralleling the procedure outlined
above but switching to avisual modality, e.g. using continuouslight as background, with
offset of this light serving as the conditioned stimulus. In this situation, the effects of
salicylateobserved previously wereeliminated, indi cating that the sali cyl ate-induced effects
were specifically auditory. A number of other control experiments were performed,
including mimicking tinnituswith continuous external tone, which showed the same effect
as salicylate”®; decreasing the level of background noise at the same stages as salicylate
introduction, to evaluatethe effect of salicylate-induced increase of hearing threshold, had
no effect'’.

Furthermore, we obtained analogous results using another drug, quinine™®. Quinine
presumably has a different mechanism of adion on the auditory system than does
salicylate™>**, but shareswith salicylatetinnitus-inducing propertiesin humans*, These
combined results support the postulate that this paradigm detects salicylate-induced
phantom auditory perception in rds.

In an electrophysiological study of tinnitus, the spontaneous activity of inferior
colliculus cells was analyzed before and after salicylate administration™®. This approach
was based on Evans' report®*>* which shows increased spontaneous activity of auditory
nervefibersand the appearance of abnormal patternsof activity after salicylate. Our results
showed that the spontaneous activity of inferior colliculus cellsincreased after salicylate,
while the spontaneous activity in the non-auditory part of the cerebellar vermisremained
stable''. Additionally, the presence of abnormal activity was indicated. These findings
support the hypothesisthat tinnitusresultsfrom aberrant neural activity within theauditory
pathways, which is interpreted as sound at higher auditory centers.

It was necessary to assure that the salicylate doses being used wereinducing sufficient
levelsof thedrug in perilymphto interfere with cochlear functions, and that the behavioral
differences observed between groups of animalswere not due to varying salicylatelevels.
Sampling of serum, cerebrospinal fluid, and perilymph at various time intervals after
salicylateshowed levels of the drug™***® comparable withlevelsreported to alter cochlear
transduction functions™®, to decrease theturgor of outer hair cells (OHC)?, and to alter
their membrane properties®®*. Finally, dfferent experimental treatments and paradigms
were without effect on sali cylate uptake, eliminating the possibility that the behavioral
differences observed among groups were dueto variations in salicylate levels.

Work to date has focused on developing and establishing an animal model of tinnitus
using both behavioral and electrophysiological approaches. The behavioral part showsthat
amimals are perceiving tinnitus in a given experimental situation, while the electro-
physiology elucidates possible cochlear and neural mechanismsof tinnitusgenerdion. We
are now evaluating the hypothesis, presentedin more detail further in this text, regarding
theinvolvement of calcium and calcium channelsin normal functionsand dysfunctions of
the cochlea ™',

1.3 Basic science connotation

Although virtually all dataavailableto dateweregathered clinically, thephenomenon
of tinnitus is very interesting for basic science. It offers aninteresting tool to study
mechanisms of phantom perception in generd and can be used &as a starting point to
study hallucinations. Analysisof thetinnitus phenomenon should provide better insight
into the mechanisms of perception and the representation of external stimui in the
nervous sygem. The relation between a perception and the stimulus evoking it is one
of the basic issues of psychological theory. Plasticity of the brain supports the
possibility of phantom perception in humans, originating from the ideas of gestalt
psychologists” and
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continuing in modern theories of perception*’’. With respect to auditory neuroscience,
tinnitus offers the challenging question of how relatively weak, continuoussignals are
being discriminated from the background of spontaneous ectivity without undergoing
habituation. Tinnitus resembles phantom somatosensory and phantom pain
perceptions™. Information obtained from tinnitus research might help to better
understand these phenomena.

Intheliterature, theterms'objective' and 'subjective' tinnitusare sometimesusedwith
the meaning that the sound of 'objective’ tinnitus can be detected by an observer. As
tinnitusisby definition asubjective phantom sensation, use of the terms'subjective’ and
'objective’ is not advisable. Some tinnitus patients may be experiencing
somatosounds?’ %, the result of abnormal blood flow or myogenic activity, and these
phenomena should be excluded and managed separately.

Furthermore, it is important to stress that tinnitusis a physiological disorder of the
auditory system, not apsychological or psychiatrical disorder®®®, Unfortunately in the
past, sometinnitus patientsweredirected to apsychiatrist for treatment of schizophrenia,
for which auditory hallucinations are landmark®**2%2, Analysis of the psychological
profile of tinnitus patientsreveals the incidence of depression, which might be due to
tinnitus, but the general psychosomatic profile remains normal®.

1.4 General aims

Basic, well-established concepts of neurophysiology are being used in this paper to
analyzethe possi blemechanismsof tinnitus generation and perception, indicating impli-
cations and predictions arising from thisapproach. These concepts areused to explain
the puzzles of tinnitus, and to propose cartain clinical implications. | would liketo stress
that since the current information available on tinnitus was collected under clinical or
psychoacoustical pretenses, the type of information that was gathered is not appropriate
for evaluating the correctness of my theories. Therefore, some of my hypotheses
regarding tinnitus perception arise from theoretical predictions. Although the available
data are in agreement with my proposals, more information is needed for their proof.
Nevertheless, the hypotheses presented here ae testable and offer a theoretical,
experimental and dinical framewark for work on timitus.

2. TINNITUS GENERATION

Several general hypotheses describingthe origin of sensorineural tinnitus have been
proposed!>"177:230:260251. however, none has been proven yet. There is consensus that
tinnitus is the result of aberrant neural activity within the auditory pathways and that
such activity iserroneously interpreted as sound by auditory centers, but theagreement
ends here. Neverthdess, there is clearly avariety of different conceivable mechanisms
of tinnitus generation.

Themajority of tinnitus cases are being related to cochlear dysfunction'®. The organ
of Corti representsavery complex and deli cately bal anced micromechanical system. The
discovery by Russell and Sellick?*#* that hair cellshavetuning curvesassharp assingle
auditory nerve fibers showed that thereis no need to postulate neuronal sharpening of
frequency response beyond the basilar membrane mechanics. This caused
reconsideration of previous concepts concerning the micromechanical properties of the
organ of Cortj*3¢129241.290304 The OHC play an essential rolein the frequency selectivity
of the basilar membrane®”**°. Therigid coupling of ciliato har cellsiscrucial for their
normal function®260.261301-304 - The cilia of har cells are stiff and brittl %027 the
rigidity of
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their coupling with the hair cell membrane being dependent upon the concentration of
intracochlear calciun®*. Measurement of the kinetics and transfer functions of ciliary
movements has shown a strong dependence of these functions on calcium
concentration® %19 A|| thesefindings can be used to propose mechanismsof tinnitus
generation based on cochlear dysfunction.

2.1 Spontaneous otoacoustic emission

The involvement of active mechanical processes in tinnitus generation has been
suggested 81322628 These active processes, even when responsible for generating
acoustic energy within the cochlea, do not seem to be ssimplistically related to tinnitus
asinitially hoped® %287 An analysis of the population of tinnitus sufferersrevealed
that thereislittle or no correlation between the subjective characteristics of tinnitusand
spontaneous otoacoustic emission. Nevertheless, a correlation occurs in a small
percentage, estimated at 4%, of all tinnitus cases™. Recent resultsby Penner indicatethat
spontaneousotoacousti cemission might beresponsiblefor tinnitus®2%2, Then salicyl ate,
which iswell known to induce tinnitus in humans®+****% and was reported to abolish
spontaneous otoacoustic emissions ##1%717° and to suppress active processes in the
cochlea *##1221324 — ghould relieve tinnitus. This has been described only in one case
when, in parallel with the disappearance of initial tinnitus, salicylate-induced tinnitus
appeared®?. More data are needed to evaluate the significance of spontaneous
otoacoustic emission related tinnitus. Neverthel ess, active processes might beinvolved
in tinnitus generation but in a more complex manner as described in the sedions to
follow.

2.2 Sereocilia decoupling

In 1980, Tonndorf suggested an alteration in the mechanicad coupling between hair
cells and the tectorid membrane may be the basis for the origin of tinnitus’®®?®, His
hypothesiswasderived fromwork by Haris®, who calculated thelevel of thermal noise
at the input of hair cells. Harris concluded that loose coupling of hair cell ciliato the
tectorial membrane should result in increased thermal noise of the system, up to 30 dB
above the threshold of sound perception. Tonndorf deduced that such an increase of
thermal noise will be perceived astinnitus. Due to the frequency-specific properties of
segments of the basilar membrane, depending on the extent of basilar membrane
involved, perception of theresulting noisevariesfrom broad-band to very-narrow-band,
the latter sounding essentially like pure tone. This theory predicts the appearance of
center clipping of an auditory signal, resulting in poor speech perception and
recruitment, phenomena observed in tinnitus patients”1%#%% To my knowledgg, this
hypothess has not been confirmed experimentaly.

It is possible to extrapolate this theory further and to propose other mechanisms of
decoupling the tectorial membranefrom the basilar membrane. M echanical decoupling
might occur not only at thetectorial membrane but al o at the attachment of theciliato
the OHC. Decreasad strength of rodtlet attachmentsin the apical plateof OHC would
introduce 'free play' of the cilia and should have the same decoupling effect as in
Tonndorf's model, resultinginincreased thermal noise. Interestingl y, exposuretointense
sound, which is known as amethod to produce temporary tinnitus in humans, causes
bending and disorganization of the cilia, followed by damage to the rootlets as the first
morphological findings observed after noise exposure™®**%¥#2%gych damage will
result in mechanical decoupling of the tectorial membrane from the OHC system.
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2.3 Discordant damage of inner and outer hair cells

Accumul ated datashow that atraumatic agent, such asnoiseor ototoxic drugs, causes
cochlear damage starting its action on the basal high-frequency part of the basilar
membrane, with OHC affected first, followed by damagetoinner hair cells(IHC)?1%15%
196234253 Therefore on a partially damaged basilar membrane, there will be some areas
with totally damaged OHC and IHC. and othe regions with damaged OHC while IHC
remain reasonably intact. This last area is of particular interest. The mechanical
properties of the organ of Corti will be seriously affected, due to disintegration of the
coupling between the basilar and tectorial membranes, while IHC will be sufficiently
functional. It is possible to expect abnormal movements of the basilar membrane and
perhaps|ocal collapse of thetectoria membrane, decreasing the distance between IHC
ciliaand the tectorial membrane to the extent of physical contact and bending of the
cilia. This might cause tonic depolarization of IHC, resulting in the appearance of
abnormal activity in afferent fibers. The hypothesis outlined here was proposed by
Stypulkowski®* and might be further extended as follows to include possible loops
involving efferent innervation of OHC and IHC systems.

It has been proposed that the position of the basilar membrane is adjusted to provide
an optimal working point for transduction characteristics of the organ of Corti by
changingthelength of OHC under theinfluence of the efferent system innervating OHC
147.148.2% - Afferents coming from OHC should provide information describing their
working point which subsequently, after processing within the brainstem, will be fed
back to efferent fibersto adjust the length of OHC. Decrease or lack of input from OHC
belonging to aportion of the basilar membranemight result in deareased activitywithin
efferent fibers'®, aimed at increased negative dampening (through OHC) and decreased
inhibition on afferents coming from IHC. Thiswill yieldenhanced activation of normal
IHC, resulting inabnormal activity perceived astinnitus. Sincean efferent fiber branches
profoundly in the cochlea, reaching as many as 100 OHC over adistance of up to 3 mm
of basilar membrane™, thiswill cause arelease from inhibition of OHC and IHC from
the neighboring normal portion of the basilar membrane. The activity due to this
phenomenon can be further enhanced by edge effect, as described subsequently.

The above hypothesis can be usedto explain several mysteries of tinnitus, such as:
(i) why the pitch of tinnitus usually correlates with the slope of the audiogram, a
common clinical observation®®; (ii) why patients with the same audiograms might or
might not have tinnitus; (iii) the mechanisms of noise-induced temporay tinnitus.
Moreover, it points out a new approach for evaluation of the tinnitus paient.

The dope of the audiogram correspondsto the areaon thebasilar membranewhere
partial damage of IHC and OHC occurs. Hencethisisexactly the areawhereone can
expect to find a portion of the basilar membrane with functional IHC and damaged
OHC. Thedifference among patients with seeminglyidentical hearing loss represerts
adifferent extent of OHC and IHC loss. It has been shown that exposure to the same
noise might result in dissmilar patterns of cochlear damage in different
subjects®%%%® and that the diffuse loss of OHC up to 30% might not have a
significant impact on hearing threshol d*>®?*, This observation further supportsthe
postulatethat hearing threshold predominantly dependson theintegrity of the IHC and
not so much on the OHC system. Therefore audiometric evaluationisinsufficient for
determining the status of the OHC system along the basilar membrane and might, at
best, be sufficient for approximate prediction of the presence of tinnitus. Independent
evaluation of the status of IHC and OHC isneeded. Methods devel oped recently for
eval uating cochlear emissions and distortion products can be used for determining the
status of
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OHC 17,84,131,133,134,163,168,210,211,279,285,299’ Whereastradltl Onal aUd| Ometry ml ght be Used tO
estimate the integrity of the IHC system.

Exposure to intense sound first results in bending of the OHC stereocilia,
effectively decoupling them from tectorial membrane and preventing sound-induced
excitation of OHC. If the noise is not too intense and does not cause permanent
threshold shift, the stereodlia return to thar normal state within hours or days.
Transient tinnitusis frequently reported after exposure to such noise®*%%° whichis
consistent with the proposed theory. Permanent damage of OHC might result in
permanent tinnitus, provided that there are still some functional IHC in the area.
Interestingly, comparison of sound-induced tinnituswith chronic tinnitusindi cated that
both kinds may arise from the same auditory precesses™.

2.4 Calciuminvolvement in cochlear dysfunctions

There is consensus that calcium plays a significant role in cochlear fundion
249.57,59.99,101,221252 268 297 There are several possible mechanismsthrough which calcium
might influence the transduction properties of the cochlea. Calcium has been shown
toinfluence: (i) position of thetectorial membrane'®?; (ii) hair cells cal cium-dependent
potassium channel $2398.100.101.227.269. (i) transduction properties of hair cell cilia®;
(iv) slow motile properties of QHC™1072682%.297- gnd (v) release of neurotransmitter
from hair cells"#2, Additionaly, hypothyroidism with associated low calcium is
affiliated with hearing 1oss'”, presumably through development of a non-functional
tectorial membrane as aresult of low calcium level®®.

Previoudy, | have hypothesized that changes in calcium ion concentration in the
perilymph as well as within hair cells may be responsible for a variety of cochlear
dysfunctions including tinnitus, further implying that calcium channel modulators
might be useful in aleviation of cochlear and vestibular disorders™**2 This
hypothesisi s based on the followi ng reasoning.

2.4.1 Effect on micromechanical coupling of the cochlear structures Decoupling
of cilia from the tectorial membrane might result from decreased concentration of
calcium in cochlear fluid, as this coupling is calcium dependent. Kronester-Frei'®
showed that removal of intracochlear calcium causes rapid swelling of the tectoria
membrane, withaparallel increase in the distance between the hair cell ciliaand the
membrane. Further on, the utrastructure of the tectorial membrane matrix loses its
organized striated sheets, disintegrating into randomly dispersed fibrillar material and
small particles®. Since even minor changesin the parametersof ciliary coupling with
both hair cells and the tectorial membrane have a significant impact on the
transduction properties of har cells, calcium-induced changesin coupling could be a
physiological basis for Tonndorf’ s hypothesis.

Inthisregard, it isinteresting that subcutaneous or oral administration of 300-400
mg/kg of aspirin or sodium salicylate in rats causes a significant decrease in serum
calcium!#12612722 tg the extent sufficient to be responsble for fetal toxicity.
Moreover, thisteratogenic effect of salicylatecan be prevented by exogenous CaC1,%".
Our observation fully confirmed these findings, further indicating thet salicylae
decreases calcium levels in cerebrospina fluid (CSF) and perilymph'®*#,
Interestingly, our experiments with another tinnitusinducing drug, quinine, showed
both behaviorally detectable tinnitus*'® and a significant decrease of serum calcium
(Jastreboff, in preparation).

2.4.2 Outer hair cells In this respect, the recent report of Brownell and co-workers,
anayzingelectricallyand chemically induced OHC volumechanges, isof particularinterest
2 Brownell postulated that ' The low calcium may increase the permeability of the
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cytoplasmic membrane to ions and low molecular weight molecules. Therefore, decrease
of calcium resultsin increase of OHC diameter and decrease of OHC length under normal
conditions. This, in turn, might be responsible for the reported attenuation of cochlear
active processes by salicylate due to mechanically decoupling OHC from the tectorial
membrane, in addition to the direct effect of salicylate on the electrical-mechanical
conversion site in the OHC membrane’.

Other possibilities of tinnitus generation are based on the involvement of calcium in
transduction processes el sewhere within the cochlea. Thereis consensus that cdcium is
required in the process of transduction of mechanical stimuli into electrical
potential $$-3237:9%81842% |t hasbeen shown tha acousti ¢ transduction ismediatedby cal cium-
sensitive potassium channels®>%227:2%° gnd that calcium playsacrucia rolein determining
the mechanical properties of cilia*®* and the slow motile properties of OHC***’, Decrease
of intracellular calcium concentration within the apical part of OHC should decrease the
tension of the contr active proteinsattached totheciliasrootlets, chang ng their mechanical
characteristics particularly for small displacements of the cilia. Thus, there might be an
increaseof 'freeplay' in ciliary pivoting and adecrease of mechanical coupling between the
tectorial and basilar membranes, resulting in an increase of themal noise and tinnitus.
Although calciumisnot essential for fast motility of OHC>?2%2% it iscrucial for sow OHC
movements'®*92%82%7 \which have been postulated to be involved in adjusting the basilar
membrane position to assure the most efficient sound transduction in a wide range of
intensities'"*82% These hypotheses predict that decrease of theintracochl ear calciumlevel
might resultinnon-linear, recruitment-type characteri stics of cochlear microphonics(CM),
particularly when recorded from OHC or from outside of the cochlea, when OHC activity
predominatesin CM*’. Increaseof noisein CM and cochlear action potentials (CAP) might
beexpected aswell. Clinically, thistypeof tinnitus should be associated with worse speech
perception than might be predicted from the audiogram, with display of disproportionately
poor speech discrimination near threshold and better discrimination & higher intensities.

It is noteworthy that ionic compositions are not homogenous along the cochlea and
concentrations of endolymphatic cal cium have been reported to increase by a factor of two
between the basal and apical parts of the cochlea'®. This finding might be partially
explained by recent datashowing that longitunal flow of endolymph does not exist®**. Thus
local ionic concentrationsrepresent adynamic balancebetween passivediffusion and active
pumping of the ions from stria vascularis®***'* which can be different for different
portions of the organ of Corti. Thedistribution of hair cell stereociliaand their interlinking
is heterogenous as well, with taller ciliaand higher extent of interlinking occurring in the
basal part of cochlea®®*"%*, Given theinformation above, it isreasonable to postul ate that
a change in serum calcium level, which has been shown to be reflected in calcium
concentrations in CSF and perilymph'®, might influence various parts of the basilar
membraneto different extents, perhapswith the basal end of the basilar membrane affected
first. Therefore, even ageneral changeintheserum calcium level might result intonal type
of tinnitus.

2.4.3 Modulation of neurotransmitter release. Another interesting possibility isthedirect
influence of calcium level on the release of neurotransmitter from hair cells Dataobtained
fromlateral line preparation showed that gradual increase of calciumlevel resultedinitially
insuppression of spontaneousadivity of the V111 nervefibers,whileevoked activity tended
to increasg®™*%8%187.242_ Only when calcium level was further increased ébove 5 mM were
both types of activity suppressed. Conversly, adeaease in
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the calcium level increased spontaneous activity and decreased evoked activity. For low
calciumlevels, evoked ectivity was totally aolished while spontaneous activity remained
stable, but with a change from random to regular type of discharges™. These dataindicate
the possibility of the existence of partially independent mechanisms of transmitter release
for spontaneous and evoked activity, both of which are calcium-dependent, but in a
different manner. This postulate is further supported by the finding that venom from the
spider, Argiope trifasciata, a highly specific blocker of ion channels assodated with
glutamatergic receptors, in lower doses affects sound-evoked activity recorded from
auditory nerve fiber without influencing spontaneous activity**

Although thereis consensusthat calcium isessential for transmitter rel ease, the novelty

Is that modification of the calcium level might have a converse action on spontaneous
versus evoked activity. Since a decrease in the calcium level results in an incresse of
spontaneous and a decrease of evoked activity, this should cause a decreased signal-to-
noise ratio, with increased tendency to tinnitus and the appearance of a problem with
speech perception and hearingin general.
In summary, it is possible to predict the following sequence of events when the caldum
level decreasesin the cochlea. Thetectorial membrane will swell, increasing the distance
between the membrane and OHC', causing partial mechanical decoupling, which should
increasethe thermal noise of the system®™ ., Transduction characteristicsof the cilia will
change in amanner indicating a more flexible attachment™*, which again should decrease
the mechanical coupling between OHC and its cilia, resulting in decreased mechanical
coupling between the tectorial membrane and OHC with the consequences as described
above. Slow mobility of OHC will decrease’***, reducing the influence of feedback
control extended by the efferent systemon OHC-controlled micromechanical properties of
the basilar membrane, which in turn might prevent active compensation for local damage
of hair cell systems. The OHC membrane permeahility to ions and low molecular weight
molecules will increase, resulting in changes of OHC volume and turgor®. Spontaneous
activity of the V111 nerve will increase while auditory evoked activity will decrease®>**4,
All those effects are proceeding in one direction - increase of the noise within the system
and paralel decrease of sgnal-evoked activity. This will result in deterioration of the
signal-to-noise ratio, which would facilitate the appearance of tinnitus. Additionally, this
should reduce recognition of sounds, particularly in noise and as complex as speech.

The calcium level influence might be of interest from a clinical perspective, since
abnormal increaseof spontaneousadivity and itsincreased regularity might beresponsible
for sometypes of tinnitus. Therefore by increasing thecochlear caldum level, it shouldbe
possibleto suppress or eliminate tinnitus, with the further possibility of enhancing evoked
activity. Thus, it might be possibl e to allevi ate tinnitus without compromising hearing.

2.5 Calcium channds

Transmitter release, as well as slow motile properties of OHC, depend on intracellular
calcium level® 1 Although extracellular calcium will influence intracellular calcium
concentration, the crucial role is played by functional characteristics of the calcium
channels™. Since calcium influx is an intermediae step in transmitter release from hair
cells, and since certan types of tinnitus might result from increased spontaneous activity,
itispossibleto expect that by inhibiting calciuminflux into hair cells, it should be possible
to attenuate some cases of tinnitus originating in the cochlea.

Another possibility relates to the postul ate that cal cium-dependent slow movement of



231

OHC might beinvolved in adjusting basilar membrane position 1'4"1482%2% Therefore by
affecting the function of OHC calcium channds, it is possible to expect changes of the
basilar membrane position as aresult of calcium channel modulator action.

Thishypothesis has found preliminary confirmation in our data, where it was shown at
the behavioral level that a calcium channel blocker, nimodipine (BAY e 9736), abolished
salicylate-induced tinnitus in animals***#'¢ Nimodipine acts on L-type channds,
prolonging the inactive state of the channel®®. This substance has the interesting ability to
pass through the blood-brain barrier much better than any other known calcium channel
antagonist'®?*, Possible applications for this drug focus on the described increase of the
brain blood flow by nimodipine, thus suggesting its use in cases of subarachnoid
hemorrhage®##* and ischemia?#%°4,

Recently accumul ated dataindi catethe possibility of nimodipine'sinteraction withCNS
inadirect manner®®. Our data, recording the characteristicsof cochlear potentialsfrom the
intact cochlea™**? and from cochleas perfused with artificia perilymph containing
different doses of nimodipine'?*®, clearly demonstrated that nimodipine exerts its action
directly on the cochleaand hair cells without changing cochlear bl ood flow. Additiond ly,
our dataindicate that the action of the drug occursat least at two levels, perhaps affecting
slow motile processeswithin the OHC system and has an impact on the processesinvol ved
in transmitter release. Furthermore, anather calcium channel blocker, MK-600, whilein
large doses has been shown to inhibit both spontaneous and evoked activity, in lower
concentrations this substance suppressed spontaneous activity without affecting evoked
activity ® . Clinical data although preliminary at this moment, support the possibility of
suppression of tinnitus by nimodipine®®.

2.6 Aging, calciumand L-type calcium channels

Thehypothesisrel ating cal cium with dysfunctionsof theauditory and vestibular systems
has several implications. Since many of the mechanisms discussed for cochlear hair cells
shouldexist for vestibul ar hair cells, onemight expect similarityin mechanismsunderlying
normal function and malfunction between both systems. For instance, it is possible that
disorders resulting in aberrant calcium levels in CSF and perilymph might increase
susceptibility of both the auditory and vestibular systemsto malfunction. In addition, it
might explain the tendency of the elderly toward tinnitus and vestibular disorders. This
postulate is based on the following dbservations.

It has been proposed that altered calcium homeostasis is involved in the process of
aging, with modified cal cium permeation across membranes acommon change -4 1123.14%
146206 ' Available dataimply that general calcium metabolism is disturbed in the elderly**.

Salicylates, well known for increasingthe threshold of hearing and inducing tinnitusin
humans™*®°, cause decreased calcium levds in serum and CSFH8120126.127222267 A report
published recently on salicylate toxicity in people of various ages showed that the elderly
are more susceptible to the effects of this drug, and that smaller doses per kg of body
weight are sufficient toinducetinnitus™, in spite of essentially unchanged salicylate uptake
and plasma clearance in humans'®. We reported tha calcium levels decreased in serum,
CSF and perilymph after salicylate*®*?°. Our data show that this decrease is highly non-
linear asafunction of dose and salicylate serum levd s, Thethreshold level of salicylate-
induced calcium decrease corresponds to the reported level that evokes tinnitus in
humans™. The threshold of calcium decrease is related to the animal's age, with a lower
value observed in older animals (Jastreboff, in preparation).

Auditory system dysfunction in the elderly and the high frequency of tinnitus occur-
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rence, affecting about 1/3 of the population above 65 yearsof age, hasaprofound effect on
their life®??%1, Although there are reports describing anatomical and physiological
changesin animals' hearing?'9%14228283 ‘nevertheless, no theory has been presented as yet
to explain why the elderly have such a high incidenceof tinnitus and vestibular disorders
except to associate it with age-rdated noise or drug-induced cumulative hearingloss.

| postulate that disturbancesin calcium metabolism and dysfunction of L-type calcium
channelsreported for the elderly and aging ti ssues*?*44106:143-146.206.291 mj gt gffect cochlear
function, increasing the spontaneous activity of auditory nervefibers among other things.
This might enhance changesin the auditory system due to other minor pathologies which
would otherwise be subthreshold in terms of tinnitus perception. Additionaly, it might
enhancethe severity of tinnitus already existing due to other mechanisms. The observation
describing a correlation of senile hearing loss to decreased serum calcium level and
disturbed calcium metabolism further support this postu ate”*.

A similar effect could exist in the vestibular system where calcium ions play an
important rol g*34°0-101.227.252269 ' gnd their imbal ance has been implied as being responsible
for Meniere's disease and other vestibular disorder'#*"41%, Alternatively, it has been
proposed that Meniere's disease and associated tinnitus results from potassium poisoning
of cochlear hair cells, due to the flow of potassium-rich endolymph to perilymph through
rupture of the scalamediacaused by endolymphatic hydrop'®*2%2%, Neverthel ess, thisdoes
not excludethefacilitatory influenceof cal ciumimbal ance, with potassium poisoning being
the final step.

Thelossof calcium homeostasiscould alsofacilitatetheincrease of vestibular disorders
seen in the elderly. Interestingly, melanocytes have been reported to act as a calcium
buffer'’#17318> and therelati onship between pigmentation and susceptibility to auditory and
vestibular disorders (higher pigmentation - higher resistance)®® further support the
possibility of calcium involvement. Relevance of melanin for pharmacological treatment
of tinnitus has been proposed as well**.

Continuing thistheme, cal cium channel modul ators should play animportant roleinthe
function of the vestibular and auditory systems and might be useful in aleviating their
disorders. The process of aging has been related to increased calcium influx into ce11s'.
The calcium L-type channel antagonist, nimodipine, was reparted to be effedive in
improving the performance of old animalsin behavioral tasks*, in hippocampal long-term
potentiation”*, and in preventing deterioration of the vestibular and motor
systems’*#¥":23927°_ Nimodipine crossesthe blood-brainbarrier betterthan any other calcium
channel antagonist, therefore therapeutic levelsin CSF can be reached without toxic side-
effects®%*, Our data support this therapeutic possibility**2,

Thus, it is proposed that calcium channel modulators might be effective in preventing
age-related deterioration of the auditory system in a manner similar to that described for
vestibular and motor systems®"#, Although morework isneededto provethishypathesis,
it provides atestable hypothesisfor the mechanism of aging of thevestibular and auditory
systems. Additionally, it proposes a new approach for treatment of auditory and vestibular
disorders, indicating aposs bleetiologyfor disordersassociaed with aging inthese systems
and a strategy to alleviate or slow down some age-related processes.

2.7 Synaptic transmission

Another cause of cochlear tinnitus can berelated to increased synagtic transmission
between the IHC system andthe V111 nerve. This might result from seveal factors, such
as. (i) increased spontaneous release of atransmitter substance from the IHC, thus
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increased spontaneous activity within the auditory nerve; (ii) increased sound-evoked
releaseof thistransmitter; (iii) increased effectivenessof thetransmitter onthe postsynaptic
membrane; (iv) decreased inhibition caused by the efferent system.

Thefirst two possibilities are related to adysfunction within thehair cells. It ispossible
to envision several mechanisms which might, in turn, enhance spontaneous release of the
transmitter. Perhaps the simplest mechanism involvesthe effect of modulation of calcium
concentration as discussed previously. Modification of calcium concentration within the
hair cells depends on its concentration in the perilymph'#* and in the kinetic properties of
calcium channels. Alteration in cal cium concentration within the perilymph indicates only
the possibility of changes withinthe hair cells, while modification of the calcium channel
should have adirect impact on theintracellular calaum level. Thus, one may specul ate that
increased calciuminflux intothehair cell sthrough dysfunctioning calcium channelsshould
result in increased spontaneous release of transmitter, causing increased spontaneous
activitywithinthe V111 nerve. Theobservation that cal cium decreasehas an opposite effect
on spontaneous and evoked activi ty ““°** suggests the possibility of separate mechanisms
governing evoked versus spontaneous transmitter release.

Modification in transduction parameters resulting inincreased transmitter release from
the same mechanicd stimuli (displacement of the cilia) might be related to higher
sensitivity of calcium-controlled potassium chamels involved in thefirst stage of trans-
duction, or in increased sensitivity of calcium channels involved in the second stage of
transduction.

Thethird possibility involvesincreased sensitivity of the postsynaptic site. Tonic partial
depolarization of the postsynaptic membrane, or decreased activity of acatabolic enzyme
digesting aneurotransmitter, which will result in accumul ation of the neurotransmitter and
its prolonged action on the receptor, might produce such a effect. This can be tested and
discussedin more detail oncethe afferent neurotransmitter and its catabolic enzymesinthe
cochleaare positively determined-0.11475879.122139.187.214.292_Hqwever, it might be predicted
that dysfunction of this kind should be reflected in devated charaderistics of CAP as
compared to CM, particularly for close-to-threshold stimuli. A faster saturation of CAP as
compared to the control situaion can be envisaged. At the clinical level, patients with
decreased |oudness discomfort level might belong to this category, together with patients
with decreased efferent inhibition, which is described below.

The fourth category concems the decreased efferent inhibition of the afferent fibers
coming from IHC. Again, thisshould result inrelatively larger afferent excitation after the
same amount of neurotransmitter is released. Possible effects resulting from dysfunction
of theinteraction of efferent fiberswith the OHC system arediscussed separaely. Itshould
be stressed that in addition to general disinhibition involving al IHC or OHC, tinnitus
might result from even relatively small changes occurring only in a limited (frequency-
specific) portion of the efferent system, which might be further enhanced by the ‘edge
effect’, as discussed below.

2.8 Edge effect

In the visual system, the enhancement of contrast in the transition between patterns of
different density has been documented?®. There is consensus that the major factor
responsible for this phenomenon is lateral inhibition, and that the edge effect exists for
modalities other than vision™. It has been postulated that a decrease of activity in only a
subpopul ation of neurons, further enhanced by lateral inhibition, could be responsible for
tinnitus*"#%, Observation of local decrease in the activity of some auditory nerve fibers
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after cochlear damagewas usedto support thispostul ate. Furthermore, it hasbeenindicated
that tinnitus patientsfrequently report the pitch of tinnitus ascorresponding roughly to the
transition point from normal hearing to that of an adjacent frequency of elevated threshold.

Thishypothesis can be extended further by saying that any local ized change in cochlear
function or VIII nerveactivity might result intinnitus, sinceal ateral inhi bition-based edge
effect will act on both adecrease and anincreasein activity. Thislocal change might result
from mechanical damage, e.g. noise-induced or age-rdated effects. The point is that due
to the edge effect, either anincreaseor decrease of local neuronal activity, presenting even
small variationsalong the cochlea's partition, may have agreat impact after being enhanced
by edge efect.

This should be true for both modified spontaneous or evoked activity, synchronization
of that activity, or abnormal temporal patterns of discharges, as long as the change is
localized. In other words, if the activity of abnormal hair cells, VIl nervefibeas, or cluster
of neuronswithin anucleus showsan abnormal pattern of activity with aclear border from
normally functioning units, one might expect that this difference will be further enhanced
by an edge effect. Although physical closenessis easiest to imagine, it can be postul ated
that functional interrelation might act in the same way. If cells which are even physicdly
distant but which project to the same part of a higher center (the same group of neurons),
or are part of aneuronal network performing a specific function, exhibit an abnormal type
of activity, then edge effects could occur. Thiswill be further discussed in Section 3.

2.9 Efferent system

Efferent innervation exerts a clear effect on the OHC system °2%7%¢ |HC
afferents™ 72277278239 otoacoustic emission'®®*®, and on cochlear evoked potentials™. Hazell
suggested a mechanism of tinnitus generation which involves control of active processes
in the cochlea by the efferent system®. The cochlear efferent system affects both classes of
afferent fibers coming from IHC and OHC. The OHC play acrucia rolein sharpening the
tuning of the basilar membrane through active mechanical processesand resultsin negative
dampening of the basilar membrane*’. The possibility that an overreaction of this active
system might yield tinnitus has already been proposecf’88132200286-288

Motileactivity may occur in acycle-by-cycle manner controlled by stress-activatedion
channel sacting in phase with basilar membrane displacement. The efferent system may act
in atonic manner, adjusti ng theworking point (e.g. theinitial tension exerted by the OHC)
asproposed by Lepage”’. Theefferent systemis, inturn, under the control of feedback from
auditory information provided by the afferents exhibiting a high degree of frequency
selectivity, frequently having equally low threshold of response and equally sharp tuning
as afferent fibers'®. When damage of agroup of outer and/or inner hair cells occurs, there
isdecreased auditory information from thisregion. Thismight result inalocalized reduced
efferent discharge rae. Since efferent innervation is diffuse®****% the ensuing
disinhibition would affect normal undamaged hair cells adjacent to the damaged area,
resulting in increase of negative overdampening®. These, in turn, will yield enhancement
of the ambient or thermal noise of the system at afrequency corresponding to the position
of the border of the damaged area on the basilar membrane. The effect may be further
enhanced by higher centers, the overall result being the perception of tinnitus.

At the experimental level, it should be possible to detect increased noise in both the
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CM and CAP, aswell as non-linearity of the CM and psychological perception for tones
very close to the frequency(ies) of tinnitus. To detect this phenomenon, it would be
necessary to measure these potentials for dose-to-threshdd perception in very small
freguency increments. Anincreased response and adecreased threshold would indicate the
presence of a section of basilar membrane with negati ve overdampening. | nterestingly,
decreased threshold of hearing for frequencies close to tinnitus has been reported®®.
Theclinical predictionisthat thistype of tinnituswouldbe very difficult to mask using
external auditory signals because negative overdampening would result in decreased
discomfort levels and increased perception of the external signd with apitch closeto that
of tinnitus. Total auditory masking of tinnitus, defined as total suppression of tinnitus
perception by external sound, should occur on the basis of two-tone inhibjtion, therefore
for tones being some distance from the perceived pitch of tinnitus. Masking frequencies
close to the tinnitus pitch should be effective only at relatively higher levels, if at all.

2.10 Cross-talk between hair cells or M1 nerve fibe's

Most views on the origin of tinnitus are based on the assumption that the location of active
neurons, as well asthe mean activity of their discharges, are the principd determinantsof
auditory processing. Alternatively, Moller™’” postulated that tinnitus is based on the
occurrence of 'cross-talk' between demyelinaed auditory nerve fibers or hair cells where
therewas breakdown of electrical insulation between them. Such aloss of insulation could
occur following acousticneuroma, vascular compress on syndrome, and other retrocochlear
pathol ogies 1%199178181 Thjs could result inincreased phase correlation of the spontaneous
activity of different fibers, which ultimately becomephase-locked with each other, leading
to abnormal pulse generation.

2.11 Analogy with pain

Recently, Tonndorf proposed a mechanism of tinnitus based on an analogy with pain
perception®®. According to this theory, tinnitus results from an imbalance between the
activity of largefibersinnervating IHC and small OHC fibers, caused by partial damage of
one or both of the systems. This model was further extended to imitate Melzack's Gate
Control Theory of pain, arguing the similarity of IHC fibers to somatosensory, large-
diameter fibers and OHC fibers to small-diameter, pain-related fibers. It remains to be
shown that the interaction mediated by the fibers innervation of OHC and IHC occursin
the manner of presynaptic inhibition, as required in Melzack's and this model.

The relationship of changes between cochlear dysfunction and tinnitus outlined above
represents only an example of possible scenarios. Practically any local modification of
cochlear transduction properties might produce tinnitus due to a contrast enhancement
between altered and normal areas which might be amplified by further central processing
within the nervous system, as discussed below.

2.12 Hyperactivity within the auditory pathways

Itisgenerally agreed that the CNS compensatesfor adecreased information input in any
modality by increasng the sensitivity of centersinvolved in perception. The action of the
CNSisoriented to homeostasis, with excitatory and inhibitory influencesinteracting at all
levels, thus increasing its flexibility and control and providing fine balance, as well as
adaptation and habituation. Total absence of input disturbs such abalance and might result
in abnormal activity of centers involved in the processing of this information. | am
proposing a hypothesis that even for tinnitus originating in the cochlea, processing of
tinnitus-related information within the auditory pathwaysisof cruaal significance, rather
than assigning to those pathways arole that is one of purely passive transmission.
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Gerken and co-workersreported that after sound-induced hearingloss, sensitivity of the
cochlear nuclei and inferior colliculi neurons to electricd stimulation increased and
recruitment emerged*®*®, This observationwas strengthened further by Sasaki et al 29%%°,
who reported arel ativeincrease of 2-deoxy glucose uptakeinto cochlear nuclei andinferior
colliculi after damage of the cochlea and auditory nerve starting a few days after the
surgery. Salvi and Ahroon®® presented results similar to those of Gerken and co-workers,
while increased neural excitability in inferior colliculus related to noise-induced hearing
loss has been reported by Will ott and Lu®®*

The mechanism of this phenomenon is unknown. One may speculate that decreased
input from the periphery causes contraction from the neuronal assembly involved in
automatic gain control within the auditory nervous system causes plastic, long-lasting
changes in synaptic weight. These finally result in increased sensitivity of those nuclel to
any input, including spontaneous activity which, in turn, might yield the perception of
tinnitus. Another explanation is presented in Section 3.

It is possible to induce tinnitus in some people by attenuation of an external acoustic
signal and to decrease it by enhancing the auditory input (e.g. by hearing aids)***®. This
might be partially explained by peripheral auditory masking provided by amplified
environmental sounds, but the fact remains that for many patients this effect is not
instantaneous and might take days™, indicating the need to consider plastic changesin the
CNS. From thispoint of view, the surprising and unexplained clinical phenomenon isthat
of total deafness with no tinnitus whatsoev er.

All tinnitus, whether generated peripherally or centrally, finally results in abnormal
cortical activity, asthisis where it is perceived. However, cortical tinnitus occurs in the
absence of an @normal subcortical input. At the present moment, the only certain model
of tinnitus other than the cochlear type is where both acoustic nerves have been sectioned.
Thisisobviously not aproper model of cortical tinnitus, since such an operation will result
inincreased subcortical sengtivity, asdiscussed previously.

Theoretically, itispossibleto envision significant differencesbetween the hyperactivity
occurring at the cortical level as compared with that in the more peripheral pathways. One
might expect very complex, hallucinatory-like perceptions of tinnitus, which may be then
categorized as auditory hallucinations. Involvement of other cortical areas becomes more
likely (hypersensitivity to light or tactilestimuli may beevident)®.

Summarizing possi ble mechanismsof tinnitusgeneration, itishypothesized that changes
in cochlear micromechanics and more generally indysfunctions within the cochlea, could
produce tinnitus through several intermediate steps. Of particular importance might be
extra- and intracellular calcium levels. Dysfunctions of the efferent system and active
processes occurring in the cochlea could be another important cause of tinnitus. Tinnitus
might result from abnormal hyperactivity of the higher levels of the auditory pahways,
including the auditory cortex. | realize that it is possible to propose a wide variety of
detailed hypotheses based on micromechanical, biochemical or even molecular
abnormalities, but rather the intent was to outline classes of possible tinnitus generators.

3.1 DETECTION OF TINNITUS-RELATED ACTIVITY

3.1 Unusual psychoacoustical features of tinnitus

Perception of tinnitus exhibits a number of features which are quite different from the
perception of external sound of similar intensity and frequency spectrum. Contrary to
masking of external sounds, tinnitus can be masked by pure tones or band-passnoise of a



237

wide range of frequencies, often contralaterally with the same effediveness and with
intensity of masker, frequently abnormally great or small as compared to the signal-to-
noise ratios required by external Sgnalsand maskers™>94169.192.195.197.198,203.204,265.272 | ncjeeq,
masking of tinnitus resembles central masking of external sounds. Contrary to masking
external sounds, tinnitus requires increased intensity of masker over a period of
minutes'#319719%.2 while external sound does not require this increase. Sometimesiit is
impossibleto mask tinnitus, disregarding intensity of external sound?”. Furthermore, it is
impossibleto create beats by interference of tinnitus with external tone, and tinnitus does
not exhibit phase-related phenomena®. Cessation of masker is frequently followed by a
period of residual inhibition when tinnitus disappears or is reduced in magnitude
27169.199.203273 - A dditionally, tinnitus does not habituate even when its perceived loudness
Isweak.

3.2 Abnormality of tinnitus-related patterns

These observations suggest that the representation of tinnitus within the auditory
pathway may be different from the representation of external sounds. | hypothesize that,
inthemajority of cases, tinnitusresultsfrom the perception of abnormal activity withinthe
auditory pathways which cannot be evoked by any combination of extenal sounds.
Additionally, | propose that detection of thetinnitus signal occurs in a pattern-detection
manner by neurond assemblies, and that this detection process undergoes plastic changes.
In the remaining part of this section, | will attempt to show how those two postul ates can
untangle otherwise unexplained puzzles of tinnitus.

Thesimpl est situation with abnormal activity occursinthe condition when neighboring
fibersfirein synchrony”’. Under normal conditions, it is possibleto partially synchronize
agroup of fibersby low-frequencytones (each fiber will firewith higher probability within
a given phase range), but the phase will be different for each fiber. Even then, this
synchronization will not include physically close fibers, since even fibersinnervating the
same IHC exhibit different thresholds of activation and different phase rdations in
referenceto an external tone. Sincetonotopic organizationispreserved at each level of the
auditory system, physically close fibers will also be close in characteristic frequency and
should project inalike manner to higher-order neurons. Synchronized, even weak activity
will evoke much higher excitation of the goal cellsthan stronger but diffusedtone-induced
activity. Such synchronized activity might be much more difficult to attenuate because of
itsunusual pattern. Any other abnormal temporal and/or spatial patternsof activity within
the auditory system might induce disproportionally strong excitation of higher-order
neurons. Lateral inhibition and pattern-enhancing features of neuronal assamblies could
produce furthe enhancement.

Although thereis only very limited information available on neuronal activity which
might be related to tinnitus, nevertheless these data are in agreement with the proposed
hypothesisof abnormal patternsof discharges’®>*'#-%%, Moreover, an analysisof tinnitus-
related abnormal pattems of activity should provide interesting information for work on
auditory prostheses, when electrical stimulation of the auditory nerve (cochlear implants)
or cochlear nuclei complex, which results in abnormal patterns of excitation, is used to
induce perception of sound in adeaf ear.

3.3 Deciphering tinnitus puzzles

Initially, atotally new tinnitus-related signal hasto be classified and categorized. This
stage might follow the process of self-organization of recognition categories?in amanner
described for a self-organizing recognition system able to build codes for speech signals,
as proposed by Grossberg™®. Thistheory incorporates adaptivity of the networksinvolved,
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development of codesfor new input patternswith stress on the necessity of attentional and
orienting subsystemsto process familiar and unfamiliar events, code stabilization with its
involvement in suppression of noiseininput patterns, postul ate rescaling of noisecriterion
to each pattern context, and stresses the importance of two-way interaction of the
subsystemsinvolved®®, The detailed description of thisinteresting mathematical theory
isbeyond the scope of thispaper. Only implicaionsfor tinnitus recognition and perception
theory areincorporated in this text.

3.3.1 Detection After crossing the threshold of pattern detection, tinnitus-related weak
signals,immersed inthe noi seof spontaneousactivity, are processedby neural assemblies.
Theinitial newness and persistence of the signal, combined with the alarm that tinnitus
usually generates, enhances the recognition of thisparticular pattern and induces plastic
modification of adaptive filters. This assures that future appearance of this particular
pattern, even if contaminated by noise, will be recognized. The process requires some
period of time and repetition of theinitial signal, but unfortunately for patients, tinnitusis
persistent and theinitial anxiety induced by its presence very strong, reinforcing tuning of
the system to the tinnitus signal and effectively improving detection of tinnitus. *

Theinitial process of recognitioninvolves crossing adetectionthreshold of ardatively
weak tinnitus-rd ated signal and separating it from spontaneous activity. The threshold--
crossing phenomenon might contribute to the very rapid onset of tinnitus reported by
patients. Typically, patients describe the onset of tinnitus as a rapid phenomenon,
appearing in full strength from the very beginning. Due to the abnormal pattern of this
activity, it might be much more difficult to suppress (or habituate to) than to external
sounds. Furthermore, if tinnitusdetection iscarried on by neuronal assembliesinamanner
related to neurona networks or a holographic neuronal network?6%78160.208.209240275 ' eysen
incomplete or weaker patterns similar to the original one will evoke nearly the same
perception.

This hypothesis might explain the persistence of tinnitus perception even when a
peripheral generator producesatransitory, fluctuating or intermittent signal. Theremaining
weaker signal is still sufficient to induce detection in a ngwork which has been 'tuned' to
the tinnitus pattem by creating a recognition category for tinnitus-relaed activity?*®

Moreover, if the tinnitus-related pattern, as | postulate, cannot be imitated by any
combination of external sounds, its masking, attenuation and habituation should be quite
different from that of external applied sounds. As has been pointed out, the simplest
exampleof such anabnormal patternwill result from electrical stimulation of the cochlea.
Reportsof patients with unilateral deafness who have undergone electrical stimulation of
the deaf ear support the proposed hypothesis of abnormdity of tinnitus-rel aed activity.

* This process can beillustrated by the observation of a person exposed toatotally new language. Initially,
itisimpossibleto detect any words or even familiar sounds, and thelanguage sounds like a strange noise
or melody. Aftertheinitial learning stage has beenaccomplished, suddenly itispossibleto divide phrases
into fragments and recognizefamiliar repetitive patterns, even without the slightest understanding of the
meaning of the phrases. This stage represents the transition from treating new sound patterns as a non-
specific noise, to pattern recognition of crucial featuresof thelanguage. Once thisisachieved, itisusually
never lost. A new pattern of excitation within the nervous system, if weak, is treated as part of the noise
of spontaneous activity and ignored. When the signal is stronger or more persistent (even though still
weak), it is detected asanew significant pattern, and attenuation of its perception becomes difficult, e.g.
it requires strong masking by an external noise source.
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The same problems encountered in reconstructing the sound of tinnitus with the use of a
musi c synthesizer appeared when tryingtoimitate el ectrical stimulation-evoked perception
by providing the hearing ear with awide variety of synthesized sounds. Even for simple,
sinusoidal electrical stimulation, perceived sound is complex and practically impossible
to imitate® . The psychoacoustical data obtained in evaluation of patients with cochlear
implants show that even with most advanced multichannd implants, and with elaborated
sound processors, the quality of the perceived sound is poor, witha small dynamic range
and very limited frequency and intensity discriminations®?°’. In only 5% of the casesis
speech recognition without lip reading possible, and an appreciable number of patients
with implants (2-15%) choose to discontinue the use of their prostheses®. These
observations are in agreement with data from single fiber recordings from the auditory
nerve, with electrical stimulation of the cochlea showingabnormal histograms of activity
and compressed, seeprate-intensity  functions'*?°?%®, Furthermore, when contral ateral
acoustical masking of electrically evoked sensation was evduated, typical flat
characteristics of tinnitus masking were obtained™.

I would like to stress that as tinnitus results from a variety of causes, there is a
continuum of tinnitus-related activity from such causes, which can be closely imitated by
external sounds to activity which cannot be induced by any combination of external
sounds. Depending upon the extent of abnormality, it should be easier or more difficult to
mask or otherwise lessen tinnitus. | postulate that tinnitus resulting from only slightly
abnormal activity will have undergone habituation, asexternal signalsdo. Therefore in
practice, cases are seen of tinnitus resulting from significantly abnormd activity.

3.3.2Masking One of the puzzlesof tinnitusisthe observation that in different patients
reporting tinnitus of the same loudness and pitch, sometimesitwas necessary to use much
higher levels of external noise to mask the tinnitus than would be expected from the
psychoacoustical masking level of acomparableexternal tone: inothers, for practicallythe
same sensation of tinnitus, avery low level of external noiseis sufficient to suppressthe
perception of tinnitus completely >94193.197-19.203264265273 * This phenomenon can be
explained by proposing that, in thefirst case, tinnitus results from neuronal activity which
ishighly different from any activity induced by sound, while in the second case, tinnitus-
related activity is close to patterns of activity induced by sound. Therefore, it is possible
to retune the neuronal assembly detecting tinnitus by increasing the system noise, thus
retuning the neural assembly away from a tinnitus pattem. This phenomenon cannot be
explained by peripheral masking of tinnitus. The problemsinvolved with masking will be
discussed in detail elsewhere (Jastreboff and Hazell, in preparation).

3.3.3 Residual inhibition Recognition of patterns of variable complexity in noise”
and plasticity scheme may also explain a phenomenon known a 'residual
inhibition'26:27:°594.198,19203272213 ¢ g total di sappearance of tinnitus perception (commonly
for seconds, minutes, hours, or occasionally days) after masking by external sounds, yet
another mystery of tinnitus. When tinnitus results from relatively normal neuronal
activity, detection of even relatively loud tinnitus may occur at the border of the
'detection space' in a metastable, adaptive network. Hence when the equilibrium of the
network isdisturbed by increasing thelevel of additional external noise (the prerequisite
for residual inhibition to occur), the system switchesto another metastable stateinwhich
the sametinnitussignal isbelow thethreshold of detection. After switching off external
noise, this metastate can be sustained for some period of time, up to the moment when
the system switches back to its previous preferred state, with resultant tinnitus detection.
Residual inhibition isthe time needed to restore equilibrium. Repetitive masking might
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cause gradual shifting in the tuning of the neuronal assembly, resulting in prolonged
periodsof residual inhibition, in some cases suppressing the detection of tinnitustotaly.

3.3.4 Distributed invol vement of entire auditory system | wouldliketo stressthat the
process of recognition and classification of an activity within the auditory pathways
might play avery significant roleinthe process of tinnitus generation andinthereported
Increased excitability of auditory pathwaysin a situation of abnormally low input from
the peri phery 40009161.229230284 * The same principles of adaptive filtering and of dis-
tinguishing signal from noise by neuronal networks??should apply. Animbalancein the
activity, intensified by lateral inhibitionand contrast-enhancement schemes might result
in abnormally amplified activity in the auditory pathways. Dysfunction of neurond
networks involved in pattern recognition and classification, including, for example,
abnormally high feedback from attentional and orienting subsystems®, might aberrantly
enhance an otherwise ignored anomalyin neuronal activity, yielding tinnitusperception.
This points out that classfication of tinnitus as peripheral, cochlear and central is
superficial and is not advisable, since even if the initial cause of tinnitus can be traced
to the cochlea, neuronal processing can be dominant. Therefore, the same cochlear
damage in different humans might or might not produce tinnitus.

Oneimplication from thismodel isthat although tinnitus may appear veryrapidly, its
disappearance (at least for periods in excess of a few hours or days) is much more
difficult to achieve and may require longer periods of timefor treatment to beeffective.
Another aspect, discussed in the next section, istheimportance of emotional factorsand
attitudes toward tinnitus for final tinnitus evaluation.

4. PERCEPTION OF TINNITUS

Up to this point, the possible mechanisms of tinnitus generation and the detection of
tinnitus-related abnormal patterns of activity within the auditory pathways have been
discussed. From both theoretical and clinical points of view, the next step - tinnitus
perception - is of importance. Tinnitus has been described as generated in the cochlea,
undergoing pattern recognition withintheauditory pathway, and becoming reinforced by
processing within subcorticd centers. The next step is perception, psychological evalua-
tion, and classification of this pattern.

4.1 Previous experience and emotional state

Presumably, associative cortical areas are involved in this process, relating the per-
ceived pattern to previous experience and to biological significance of a signal. The
interpretation of an auditory pattern hasaprofound impact on thereactionitinvokesand
on the threshold of its detection and recognition during repetitive presentation. The cry
of ababy can be perceived asinsignificant and easily ignored by astranger, whilefor the
baby's mother, thisauditory signal can be very powerful and wake her from sleep. Inthis
example, contrasting this effect to the same sound depends on the relation of a sound to
the history of its evaluation.

Recognition strategiesinvolvedifferent processing of varioussignal sresultingintheir
preferential recognition. The cortical evaluation of asignal involvesitsassodation with
patterns stored in auditory memory. Any such pattern can be and often isrelated to some
emotional state. Tinnitusmay recall the sound of traffic, aircraft or central heating -most
patientsactually start with asearch for asource of real sound®. Signals perceved within
any sensory system can be related to signals in different systems. Perception of those
signals which evoke strong emotional states (positive or negative), as being of
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particular importance and increasing attention to this particular signal, will be prefer-
entially enhanced?®.

Depending on associations with an emotional state, the same pattern of neuronal
activity initiating tinnitus at the periphery might beperceived quitedifferentlyin various
individuals, or in the same person in different situations™®. * This brings to mind the
importance of evaluating tinnitus in relation to other patterns in memory and their
emotional associdions. Initially, tinnitus is predominantly associated by sufferes with
something unpleasant, dangerous, or anxiety-provoking®'®. This negative image of
tinnitus strongly enhances the attention placed on it which, in turn, enhances the
detection and perception of the particular tinnitus-related pattern. Through positive
feedback involving short- and long-term memory®* "8, the pattern recognition mechanism
isfurther intensified, making discrimination of this particular pattern from spontaneous
and external sound-evoked activities al the easier. Thus even weak, only partially
preserved patterns can be recognized astinnitus due to previous network training.

Intuitively, it appears that the louder the perceived tinnitusis, the higher the level of
annoyance it should induce. In redlity, the situation is more complex. First of all, there
isthe problem of how to evaluate tinnitus loudness. Fowler introduced the comparison
of tinnitusto contralateral sound of frequency matching pitch of tinnitus and concluded
that in the majority of cases, tinnitus has very low loudness, below 10 dB sensation
level 29419256 Others argue that this approach is misleading and that, rather, scales
corresponding to subjective loudness perception, taking into account the recruitment
phenomenon, should be useg¥+19%218264266  Fyen with this approach, correlation of
annoyance and loudness exhibits abnormalities®. The patient's data show rather large
within-session and between-session variability and indicatethat factors other than loud-
ness contribute to perceived tinnitus annoyance. Therefore, association of the perceived
sound of tinnitus with a paient's history and emotional state might play an important
role. From this perspective, the possible involvement of the prefrontal cortex is of
Importance.

4.2 Prefrontal cortex

The prefrontal cortex has been proposed as being unique among cortical areasinits
relationshipwithinteroceptive, aswell asexteroceptive, sensory domainsand, therefore,
theforemost structure that could synthesi ze the inner and outer sensory worlds™. Studies
performed since the middle of the eighteenth century have established an anatomical
basisfor common beliefs: that the prefrontal cortex stands at the ‘common endpoint’ for
diverse afferent channels andis'privy' to all incoming information’ ™. This attribute of
the prefrontal cortex makesit a candidate for the integration of sensory and emotional
aspects of tinnitus postul ated above.

* A clinical exampleisseen in one patient with a pronounced social conscience for whom the hissing
sound of tinnitus was in itself not particularly loud or troublesome, but evoked very strong images of
prisoners being tortured with continuous noise™ . Another patient with a very similar type of tinnitus
found it particularly intrusiveduring the day, affecting concentration markedly. Paradoxically, although
before the appearance of tinnitus thispatient had had a problem with sleeping, at night hissleep actually
improved, as it evoked memories of a happy carefree childhood and of the water cistern which had
often produced a loud hissing noise in his attic bedroom as he drifted off to sleep!®

This last example is of particular interest because it indicates that the same tinnitus pattern can
induce different associations in the same person when combined with other stimuli, resulting in an
opposite effect of tinnituson the patient'slife. Additional complementarysignals (presumably darkness,
the time of day, and other factors associated with going to sleep), together with the patient's previous
experience, were necessary to change the evaluation and assignment of the same perceived signal.
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Inthe 1950s, alobotomy operation was paformed on 20 patients exclusively because
of tinnitus’. One might expect that disconnectingthe prefrontal cortex should result in
disassociation of sensory and emotional aspects of tinnitus, and similarlytoitseffect on
pain perception, and should cause a decreased level of annoyance produced by tinnitus.
The data not only confirmed this obvious prediction (al 19 patients who survived
reported decreased annoyance of tinnitus) but out of those, 8 patientsreported adecrease
inthe perceived loudnessof tinnitusaswell. Theremaining 11 patients reported tinnitus
to be the same but that it was not bothering them to the previous extent, and none
reported increase in tinnitus loudness.

Thisresult showsthat disconnecting the prefrontal cortex from the system evaluating
tinnitusactually interfered withthe processof psychophysicd tinnitus estimation or with
itsgeneration. Perhapsthe simplest explanation isthat |obotomy removed the emotional
reinforcement of tinnitus pattern detection, removed the attentional and orienting subsys-
temsfrom networksinvolvedin therecognition of tinnitus-rel ated activity, thusfacilitat-
ing partial habituation of itssignd.

Another possi ble mechanism of involvement of the prefrontal cortex isrelated to the
observation that it is necessary to sustan a reaction”. Considering the possibility of
similar interaction of theprefrontal cortex with reactionsof the autonomic system aswith
the motor system, decreased activity of the prefrontal cortex might result in decreased
autonomicresponsesto tinnitus, whereasenhanced activity of the prefrontal cortex might
produce continuous enhanced anxi ety, which through a positive feedback loop might
further tune the nervous system into percepti on of tinnitus, as discussed previoudy.

4.3 Parallel systems approach

The traditional hierarchical model of corticd organization podulates a stepwise
hierarchical sequence, proceeding from relatively raw sensory input at the primary
sensory cortices through several stages of processing, to polymodal zones for cross-
modal interchange of information, to paralimbic and limbic areas for investment with
emotional tone, and to the frontal association area where both sensory and limbic data
are integrated™. According to the classical model, the flow of information is mainly
unidirectional, from the sensory through the associative and motor centers. Recently,
Goldman-Rakic emphasized a different aspect, focusing on the functions distributed
between severa parallel, interconnected systems™. She outlined the brain as a'highly
integrated but distributed machinewhoseresourcesare allocated to several basic parallel
functional systemsthat bridge all major subdivisionsof the cerebrum’™and further stated:
'itmay inthefuture be more useful to study the cortexintermsof information processing
functions and systems rather than traditiona but artificialy segregated sensory, motor,
or limbic components and individual neurons within only one of these components.’

This pardlel distributed network concept implies the possibility of the creation of
loops enhancing or suppressing the perception of agiven patterninamuch moreflexible
manner than allowed by the hierarchical organization model, and isin accordancewith
Grossberg's mathematical approach to neuronal pattern recognition and classification .
A distributed, highly interconnected network offers the possibility of creating |oops
which under the conditions of a continuous sensory signal (tinnitus), with significant
emotional tone (concern, fear, inability to control it), further amplify the perception of
tinnitus by creating positive feedback within the cortical networks.

4.4 Clinical 'masking'
On the other hand, the reason why masking and biofeedback or even aplacebo ae so
effectivein some patientsisthat even apartial (but sufficiently prolonged) changein the
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emotional component may reorganize the functions of the distributed network, thus
changingthe psychological significanceof thetinnitus. Theloudnessandpitch of tinnitus
might remai n the same, but the tinnitusis no longer so intrusive and can be 'ignored'.

Indeed, analysis of patients undergoing masking revealed that the psychoacoustical
characteristics of tinnitus, such as its loudness or masking threshold, have not been
changed either immediately after cessation of masker*® nor after 6 months of its use*.
Theseresults support the postul ate that so-called 'tinnitus maskers' are effective through
facilitating re-evaluation of tinnitus and retraining of cortical networks, and are not
actually altering psychoacoustical characteristicsof tinnitusinthedirection of itsattenua-
tion.

The above postulate has obvious theoretical and clinical significance. 'Masking'
should be seen as retraning of the higher processing centers involving a gradual
reorganization of the recognition of tinnitus, particularly its association with emotional
state. As a result, the tinnitus becomes less threatening, and there are changes in the
associations of tinnitus with positive emotional states. Another important clinical
implication isthat during 'tinnitus masking', one should not attempt to eliminate totally
the perception of tinnitus, and that a certain amount of time, measured rather in weeks
than in hours, isneeded for the 'masker’ to be efective. The best approach isto use the
'masker’ as weak as possible, which only interfereswith the perception of tinnitus and
provides apatient with the feeling of the possibility of eventemporal control of tinnitus,
without inducing anxiety by too loud asound of 'masker'. The additional justificationfor
the partial masking approachisthat sinceinthe'masking procedure behavioral retraining
of theassociation of asensory signal (tinnitus) with anegative emotional stateisactually
performed, the basic requirement for such a procedure is the presence of stimulus
undergoing retraining.

Hazel %9 showed that partial masking of tinnitus could be as effective as total or
complete masking in redudng tinnitus-relaed complaints. It is hard to interpret this
responsein terms of a peripheral masking effed. It ismuch morelikely that the masker,
which in this case is simply introducing a competing signd, isfacilitating retraining of
tinnitus evaluation occurring & a higher cortical level. The psychological components
related to the evaluation of tinnitus and the type of emotion it evokes are of particular
importance, and procedures which affect this evaluation are likely to be efective in
tinnitus alleviation.

5. CONCLUSIONS

Tinnitusisnot asingle, well-defined disease. It isasymptom of many pathologies- even
in one patient, severd different~types of tinnitus might coexist®*?*22, The approach to
tinnitus presented above proposes a new view of mechanisms of its generation and
perception and provides physiological interpretation of itsfeatureswhich have not been
explained previously. Furthermore, this approach implies that tinnitus should not be
simply categorized into peripheral and central, asispresently done, but that all levelsare
involved in each case to varying degrees, and all parts (generator, pattern recognition
neural networks, and association circuits), areessential. However, dominance of agiven
level may exist.

Association cortices, thelimbic system, and prefrontal cortex areinvolved in tinnitus
perception and its classificaion and assignment of certain emational states. Signal
recognition and classification networks, which through plastic modification are able to
change the recognition of a pattern of neuronal activity, are assumed to be involved in
tinnitus perception. These assumptions may explain residual inhibition, rapid onset of
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tinnitus but its much slower attenuation, effectiveness of contralateral masking and
tinnitus masking by tones from a wide range of frequencies, its resistance to masking,
and long-term effectiveness of masking tinnitus by sounds which donot ‘cover' or mask
it in the auditory sense.
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