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Abstract: The cerebellum and the descending auditory system (DAS) are considered clinically significant for influencing the development of the clinical course of tinnitus of the severe
disabling type.
It is hypothesized that the SPECT of Brain perfusion asymmetries in cerebellum, demonstrated since 1993, reflect clinically the influence of an aberrant auditory stimulus i.e. tinnitus,
on the activity and function of the descending auditory system highlighted by the cerebellum
and the acousticomotor systems.
SPECT of Brain perfusion asymmetries in the cerebellum have been demonstrated in 6070% of tinnitus patients of the central type. Electrophysiologic support for this finding includes interference in ocular fixation suppression of the vestibulocular (VOR) with rotation
and position testing. Abnormalities in cerebellar function are considered to reflect the psychomotor component of tinnitus. Support for the hypothesis is demonstrated with one patient with
a predominantly central type tinnitus of the severe disabling type with cerebellar perfusion
asymmetries and associated electrophysiologic evidence of interference in the VOR with rotation testing.
Keywords: descending auditory system, acousticomotor system, SPECT of brain, cerebellum, psychomotor component, vestibulo-ocular reflex (VOR)

T

he purpose of this manuscript is to discuss for
the first time, in 1999, the role of the cerebellum
and descending auditory system in the development of the clinical course of tinnitus of the severe disabling type, as demonstrated objectively and reported
in 1993 with SPECT of Brain perfusion asymmetries
[1-5] .
Since 1995 tinnitus has been defined as a sensory
disorder of auditory perception reflecting an aberrant
auditory signal produced by interference in the excitatory/inhibitory processes involved in neurotransmission
[6-8].
The clinical experience with the symptom of tinnitus, which is in a state of evolution, has challenged/
altered classical concepts of functioning of the auditory
system and brain. A new discipline has evolved which
we have called Tinnitology [9]. Tinnitology, a disciReprint requests: Abraham Shulman, M.D., Martha Entenmann Tinnitus Research Center, Inc., Health Sciences
Center at Brooklyn, State University of New York, Box
1239, 450 Clarkson Avenue, Brooklyn, New York 11203.
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pline involving professionals dedicated to the science
of sound perception unrelated to an external source of
sound.
The symptom of tinnitus has forced clinicians attempting to establish protocols for an accuracy of the
tinnitus diagnosis and for tinnitus treatment to apply
basic principles of sensory physiology and findings
evolving from the neuroscience of brain function and
its underlying neurochemistry [10-14].
Since 1977, my co-worker Dr. Barbara Goldstein, an
audiologist, and I have at the Tinnitus Clinic at the
Health Sciences Center Brooklyn, State University of
New York (HSCB-SUNY) attempted to increase the
accuracy for the tinnitus diagnosis, focusing on subjective tinnitus of the severe disabling type; and to identify
its medical significance. We have attempted to provide
tinnitus relief for an excess of 6,000 patients. Since
1995, the Martha Entenmann Tinnitus Research Center,
Inc. (METRC) at the HSCB-SUNY has supported our
clinical research and investigations.
Since 1989, the nuclear medicine technique of Single
Photon Emission Computerized Tomography (SPECT)
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has been introduced into our medical audiologic tinnitus patient diagnostic protocol (MA TPP) to attempt to
improve the accuracy of the tinnitus diagnosis as well
as to monitor the efficacy of modalities of therapy recommended for attempting tinnitus control [1-8,15,16].
Since 1999, SPECT Imaging of Brain, baseline and the
Diamox Stress Test, a test for cerebrovascular reserve,
are being recommended to patients with tinnitus of the
severe disabling type who are not responding to recommendations for attempting to relieve tinnitus. Eightyfive studies have been completed since 1981. Sequential studies have been obtained since 1996.
The evolving clinical experience with SPECT Imaging of Brain has influenced our definition of tinnitus ,
protocols for both diagnosis and treatment, and confirmed the significance of the factor of stress [17 -19].
This paper on the descending auditory system and
cerebellum will present their proposed role in the clinical course of tinnitus . This will include:
First, a brief review of three highlights of our evolving SPECT of Brain experience which includes a) the
identification of a Final Common Pathway for tinnitus
in the Medial Temporal Lobe System (MTLS) of Brain,
b) Tinnitogenesis-a epileptiform auditory phenomenon, and c) perfusion asymmetries in the cerebellumand their considered role in the clinical course of a predominantly central type tinnitus of the severe disabling
type.
Second, the physiologic significance of the descending auditory system; and acousticomotor systems, on
the clinical course of tinnitus.
Third, a demonstration of SPECT Imaging of
Brain perfusion asymmetries in the cerebellum in one
patient with the clinical diagnosis of cerebrovascular disease.

SINGLE PHOTON EMISSION
COMPUTERIZED TOMOGRAPHY
(SPECT OF BRAIN)
Single Photon Emission Computerized Tomography
(SPECT) of Brain with the radioisotope Technetium 99m
Hexamethyl Propylenamine Oxime (TC-99-HMPAO) is
a nuclear medicine imaging technique which provides
an objective analytical detection method of information
of regional cerebral perfusion of brain. Cerebral blood
flow has been correlated with function [4] .
SPECT Imaging of Brain in patients with tinnitus of
the severe disabling type has revealed since 1991
pathophysiologic loci in patients with a central type tinnitus [I].
Since 1991 repeated findings in SPECT Imaging of
Brain in patients with tinnitus particularly of the severe
disabling type using the radioisotope TC-99-HMPAO
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has revealed perfusion asymmetries in multiple cortical
areas including the cerebellum. For the first time in vivo
the significance of the organicity of brain for a predominantly central type tinnitus was presented in New York
City at the Triological Society (January 30, 1993) and
subsequently published in The International Tinnitus
Journal in 1995 [2].
Two regions of interest consistently continue to demonstrate asymmetries in regional cerebral blood flow
with significant side to side asymmetries. These areas
are: a) medial temporal system; and b) the cerebellum.
Common to all has been an incidence of perfusion
asymmetries involving the medial temporal lobe system (MTLS) in more than 90% of the cases with a p of
less than 0.05 [1-5,7]. Adjacent perfusion asymmetries
involving the frontal, temporal and parietal lobes have
suggested an interneuronal network resulting in the transition of the sensory to the affect components of the
symptom of tinnitus.
It is hypothesized that a fundamental function of the
amygdala hippocampal structures is the establishment
of a paradoxical auditory memory for tinnitus. A Final
Common Pathway for tinnitus is hypothesized to exist
for all patients with tinnitus. Its function is the transition of the sensory to the affect component of the symptom of tinnitus. It is a result of alteration in all tinnitus
patients of a basic function of the auditory system,
namely, auditory masking. A paradoxical memory for
an aberrant auditory signal, i.e. tinnitus , is considered
to be the initial process in the transition of the sensory
to the affect component. Underlying mechanisms are
hypothesized to exist and to be highlighted by a diminution of inhibition mediated by amino butyric acid
(GABA) due to its disconnection from excitatory (glutamate) inputs. Blockage of GABA mediated inhibition
results in Tinnitogenesis, a epileptiform auditory phenomenon [8,9].
In the original ten tinnitus patients with a severe disabling, predominantly central type tinnitus , examined
in a basal state, and compared with four matched controls , 73 regions of interest were analyzed. Nine of 73
regions of interest analyzed were found to have a significantly increased blood flow in patients compared to
controls with a p of less than 0.05. Five of the 9 regions
were the cerebellum [1 ,3].
Persistence of findings of perfusion asymmetries involving the cerebellum in a significant number of patients with severe disabling tinnitus supports consideration of the role of the cerebellum in the clinical course
of tinnitus.
One of the implications of the hypothesis of a Final
Common Pathway for Tinnitus has been its innovative
application for treatment. Selected patients are recommended a neuroprotective drug therapy for treatment
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based on neurochemistry influencing, predominantly
the GAB A/glutamate and dopamine/serotonin systems.
It is hypothesized that in the Final Common Pathway
for Tinnitus the homeostasis between sensory and affect, modulated by stress, is interrupted and displaced
toward the affect. A stress diathesis model for tinnitus
has been formulated in 1992 [19,20]. Significant are the
reports by McEwen of the high concentration of steroid
receptors and benzodiazepine receptors in the hippocampus [21-24] and of stress by Sapolsky [25,26] .
Therapy directed to influencing the GABA benzodiazepine receptor and circulating corticosteroid accompanying stress, when combined with anxiolytic/antidepressant
medication, has resulted clinically in a significant degree
of tinnitus control.
It is hypothesized that the model of the Final Common Pathway in the patient with tinnitus relief reflects
a reestablishment of the homeostasis between the sensory and affect components of tinnitus.
A principle of sensory physiology is that every sensation has components [10]. The components are sensory,
affect, and psychomotor. For the symptom of tinnitus the
sensory component is clinically manifest by the quality
and intensity of the symptom. For the affect component,
it is the behavioral and emotional response of the patient
to the presence of the tinnitus sensation. For the psychomotor component, behavioral motor changes reflected in
facial and body movements have been reported [27,28].
All sensory systems involve a sensory stimulus input
and a behavioral response output. Tinnitus, a sensory disorder of the cochleovestibular system, is compelling professionals, regardless of discipline, to address the issue of
how an auditory sensory stimulus results in a particular
behavioral response; or conversely-does an antecedent
behavioral pattern of response, influence the sensory perception of a normal or an aberrant auditory sensory input,
resulting in the auditory perception of tinnitus of the severe disabling type. Tinnitology, a discipline involving
professionals dedicated to the science of sound perception unrelated to an external source of sound, reflects this
effort. The search for understanding how the transition
occurs from sensory to affect in brain is not new [13,29].
The Final Common Pathway is hypothesized to rely
on the properties of an interneuronal cortical/subcortical network which transforms one representation that is
sensory into one that is affect. The anatomical substrate
is the medial temporal lobe system. This can create an
error in pattern recognition of the normal auditory signal. The SPECT findings at present suggest a common
interneuronal cortical/subcortical network.
One can for tinnitus speculate on six layers of
such a network [8]: (I) the periphery, i.e. Organ of Corti;
(2) the brain stem; (3) ascending auditory system to the
level of the inferior colliculus; (4) inferior colliculus
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and thalamus; (5) thalamus and auditory cortex; and
(6) multiple neuronal circuits within the brain cortex
(i.e. frontal, temporal, parietal). Feedback loops exist at
brain stem, thalamus, temporal lobe, and the medial
temporal lobe system. The feedback loop is considered
a clean-up layer. Such layers attempt to reestablish a
homeostasis within the sensory system. Significant are
the physiologic effects of the ascending, descending
auditory systems and the cerebellum on the auditory
signal both normal and aberrant. Hinton et al. have described such neuronal networking in investigations
simulating brain damage [30] .
LeDoux has reported a neuroanatomical subcortical
emotional processing circuit (i.e. thalamo-amygdala in
which the emotional significance of an auditory stimulus
can be learned, stored in memory, and expressed in body
physiology via the autonomic nervous system and behavior via the somatosensory system) [31,32]. Sensory
processing occurs across the medial region of the auditory thalamus and the intralaminar nucleus to the lateral
nucleus of the amygdala, that is, the thalamo-corticalamygdala and the short thalamo-amygdala emotional
pathways.
The emotional pathways identified by LeDoux are
considered significant particularly for understanding
the anatomical substrates involved in the development
of the behavioral/emotional affect component of the
symptom of tinnitus, particularly of the severe disabling
type; as well as for future therapies. One such therapy,
reported in 1996, is medial thalotomy performed on
104 patients with "chronic therapy resistant positive
symptoms" by Jeanmonod [33]. Six patients had severe
tinnitus, and half of them were reported to have experienced relief. The rationale is the identification of low
threshold calcium spike bursts (LTS). The LTS bursts
reflect deinactivation of calcium channels which result
in a membrane hyper-polarization by either a loss of
excitation or an increase of inhibition. The end result is
the appearance of a bursting activity at the neural site
and reflected clinically in a positive symptom. The positive symptoms treated included tremor, action tremor,
pain, or epilepsy, tinnitus, and central nervous system
(CNS) disorders.
Steriade considers the neocortex and thalamus to be
a unified oscillatory machine [34]. Different types of
brain rhythms, which characterize various behavioral
states, are combined within complex wave sequences.
Short term plasticity processes could be used to consolidate memory traces acquired during wakefulness, but
also lead to paroxysmal episodes similar to that observed in epileptic seizures. A relationship has been
demonstrated between GABAergic thalamic reticular
and local circuit neurons and their effects on thalamocortical neurons.
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The highest concentration of GABA-A is considered
to be in the cerebellum [35]. The relationship between
the cerebellum and the thalamus is considered significant and reflected in the acousticomotor systems.
GABAergic reticular neurons project not only to thalamocortical neurons but also to local inhibitory neurons.
Contact of these inhibitory cells with other inhibitory
cells, e.g. thalamocortical neurons would result in a
dysinhibition. Consequent to the inhibition of related
local neuronal circuits this could result in an excitation
through dysinhibition . The end result could be an epileptic type seizure phenomenon reflected clinically by
symptoms of interference in function of the region of
brain involved.
Therapy directed to an increase in GAB A function
has been hypothesized to reduce the excitatory glutamate
influence. It was speculated and reported in animal experimentation by Kandel in 1995 that the GABAergic
inhibition and resultant glutamate excess produced a
disruption in motor behaviors, and complex affective
and cognitive behaviors, e.g. feeling and learning [36].
Underlying mechanisms reflected in processes within
the Final Common Pathway are considered to be highlighted by the glutamate theory of neuroexcitotoxicity.
It is speculated that the GABAergic inhibition and resultant glutamate excess produces a disruption in calcium homeostasis with resultant hyperexcitability and
epileptic characteristics, i.e. epileptogenesis. It is speculated that any system or mechanism or drug that
blocks GABA mediated inhibition can produce a seizure type activity [37].
For tinnitus one can speculate on a Tinnitogenesis,
that is a seizure-type activity resulting in the perception
of an aberrant auditory stimulus. In such a manner a
tinnitus of a central type may arise due to a seizure type
activity [9] . At a cortical level, via the Final Common
Pathway, a paradoxical auditory memory is hypothesized to develop with a cascade of neurochemical activity
reflecting the theory of calcium neuroexcitotoxicity.
Clinically this is manifested in a heterogeneity of behavioral/emotional changes highlighted by anxiety,
depression, and interference with sleep and communication, task performance, memory and speech expression associated with severe tinnitus.
The descending auditory system and cerebellum are
considered critic<:ll in maintaining the homeostasis between excitation/inhibition within the peripheral as
well as central cochleovestibular system.

THE CEREBELLUM AND TINNITUS
General/Literature
Classically the cerebellum has been postulated to be involved with motor function. Although it is not consid-
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ered to initiate voluntary movement, it has been
considered to serve as a suprasegmental coordinator for
muscle activity, especially motor functions requiring
sequential, repetitive or complex movements. Also, the
cerebellum has been identified to regulate muscular
tone and maintain proper balance for standing, walking,
and running [38].
Significant are recent new anatomical labeling methods which identify the distribution of input pathways to
the cerebellar cortex; and output of the deep nuclei
which have led to the identification and understanding
that distinctive cerebellar units are important in almost
all nervous functions. Cerebellar activity characterized
as "coordination" no longer applies only to motor function and control [39].
Technical advances in disciplines of molecular biology, network modeling, functional neuroanatomy
and brain imaging with PET, SPECT, fMRI have led
to the development of concepts about the cerebellum,
which is different from what was classically taught
and understood.
Significant for tinnitus are the reports supporting existence of cerebro-cerebellar "loops" and their involvement in motor and non-motor aspects of behavior [40] ;
and reports of classical conditioning, which have indicated that the cerebellum is significant for the establishment, retrieval and use of associations between stimuli
to generate new context dependent and adaptive responses [41].
Functional images of cerebellar activity in patients
with tinnitus of the severe disabling type as demonstrated with SPECT Imaging of Brain correlate with
abnormal electrophysiologic recordings of cocheovestibular function , including interferences in cognition,
motor function , and maintenance of balance [42] .
Long term depression (LTO) from synaptic transmission at parallel-fiber/Purkinje-cell synapses of the
cerebellum has been considered to playa role in the adaptive modification of the vestibulocular reflex (VOR).
The VOR automatically stabilizes the visual image on
the retina during head movements by producing eye
movements in the direction opposite to that of the head.
Ito considers the cerebellum and LTO to be involved
in VOR plasticity; and the flocculus to playa role in
learning mechanisms which contribute to the VOR
[43] . Our clinical experience with routine vestibular
testing in patients with tinnitus particularly of the severe disabling type has revealed significant incidence
of occurrence of abnormalities in vestibular testing in
tinnitus patients who do and do not report interference
in balance function [9,44,45]. Significantly, our tinnitus
patients with significant cerebellar abnormalities, have
all demonstrated failure of fixation suppression of the
VOR with eyes open upon rotation [42].
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Middleton and Strick have reported that the cerebellum contributes to non-motor as well as motor function
[46]. Cerebellar signal to non-motor areas of cortex are
involved in cognitive function. Desmond and Fiez,
based on functional imaging studies, report the cerebellum to be involved in working memory, implicit and
explicit learning and memory, and language. Motor
and non-motor functions are reported to be distributed
within different regions of the human cerebellar cortex
[47]. Schmahmann suggests that in humans cognitive
and emotional changes may be prominent [48]. A specific neurologic condition called "cerebellar cognitive
affective syndrome" is proposed in which cerebellar
damage leads to a dysmetria of thought. There is a deprivation of cognitive circuits by interference in cerebellar modulation . Cerebellar influence on cognitive processing is considered analgous to its influence on motor
processing. Does this neurologic syndrome reflect the
tinnitus patient' s complaint of interference in performance and concentration?

Auditory Stimuli and Cerebellar Response
In the past it has been reported that, in general, natural
peripheral stimuli affect activity of larger numbers of
cerebellar neurons. Many cerebellar neurons respond to
several types of peripheral stimuli [38].
Vestibular, visual, and auditory stimuli, both peripheral and/or central in origin, activate cerebellar inputs
to the cerebellar cortex with cerebellar afferent projections to brainstem and cerebral cortices [49].
Vestibular stimulation results in increased neuronal
activity in the nodulus, flocculus, uvula, lingula, lobus
simplex, lobules I-X of the vermis (i.e. a large cerebellar cortical region) . The flocculonodular lobe has been
designated as the classic location of the vestibulocerebellum. The extensive distribution of vestibular stimulation
to the cerebellum reflects the input of the vestibular nuclei in the brainstem to the lateral reticular nucleus,
which, in turn, has input to multiple locations in the
vermis and paravermis of cerebellum. There is a convergence in the cerebellum from the vestibular inputs
as well as inputs activated by afferents which control
eye and head position. Response to visual stimuli are
from neurons in multiple regions of the cerebellar cortex particularly the posterior lobe [49].
Auditory responses by cerebellar stimulation have
been reported to be modified since 1966 [50,51]. The
cerebellum is known to process auditory information
by interactions within the cerebellar cortex and by its
influence on neurons and nuclei in ascending central
auditory pathways, including the cochlear nuclei, inferior colliculus and the superior olive. The regions of
response of the cerebellar cortex to auditory stimuli
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overlap with those of the visual stimuli [49]. Such regions include primarily the posterior lobe. In the past,
cerebellar neurons responding to auditory stimulation
have been differentiated with respect to frequency identification; interaural time and intensity between stimuli;
and to movement of the auditory stimuli [52].
Responses to auditory stimuli are evoked by a corti cal and subcortical pathways of the auditory system
[53,54]. Ablation of the auditory cortex has been shown
to cause marked changes in responses evoked by auditory stimulation [55] . The responses of the evoked
auditory responses have been considered to be due to
projections involving the cochlear nuclei and projections from the inferior colliculus to the pontine nuclei
from the cerebellum [56] .
The responses of the cerebellum to auditory stimuli
have been considered to be important in adjusting the
position of the body and the head to the location of
the sound [49] . Cerebellar neurons have binaural response properties [56] . Some cerebellar neurons which
respond to auditory stimulation in lobules VIIVII show
little specificity to differences in frequency of stimulation, but demonstrate sensitivity to the interaural time
and intensity of the two stimuli. In addition, other cerebellar neurons respond selectively to movement of the
auditory stimulus [56]. A cerebello-cochlear nucleus
pathway has been identified in the cat [57].
Strick, using retrovirus techniques for identification
of internal networks, involved in activation of the primary motor cortex control, has reported that 20-30 percent of the cerebellum can only be identified as directly
related to motor function involving the primary motor
cortex. Additional cerebellar functions have been identified with the prefrontal area for cognition as well as
the visual cortex. Investigation is ongoing for cerebellar areas of auditory function [46].
Many physiologic studies have demonstrated auditory processing in the cerebellum, e.g. Vermis [58-60].
The inferior colliculus (IC), and particularly the external nucleus of the inferior colliculus (ICX), a multisensory nucleus, has connections with the superior collicuIus (SC), cerebellum (C) and medial nucleus of the
medial geniculate body (mMGB). Electrical stimulation of the IC evokes potentials in the vermis [56] .
The literature has identified acousticomotor systems
in the descending auditory system [61]. The acousticomotor systems include the acoustico-motor centers of
the cerebellum, medial division of the medial geniculate body (mMGB) and the superior colliculus (SC).
The ICX projects to these centers (i .e. medial division
of MGB , SC, and cerebellum) which themselves subserve multisensory integrative functions.
Ongoing studies are attempting to answer questions
presented by the descending auditory system as it applies
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to the symptom of tinnitus; and in particular the multisensory integrative functions of the ICX with the cerebellum and other acousticomotor systems.

SPECT of Brain
The perfusion asymmetries identified in cerebellum
with SPECT of Brain in patients with tinnitus of the
severe disabling type are considered to be objective
evidence for what may be a reflection clinically of the
psychomotor component of tinnitus; and explain some
different central types of tinnitus. It may reflect the activity of the descending auditory system; and the multisensory integrative activity of acoustico-motor systems
including the cerebellum, external nucleus of the inferior colliculus (ICX), and Superior Colliculus (SC) , and
the medial division of the medial geniculate body
(mMGB) .
At this time, a positive correlation can be reported in
patients with tinnitus of the severe disabling type between
the cerebellar perfusion asymmetries and positive abnormal electrophysiologic test results of interference in
cerebellar function e.g. abnormal ocular fixation suppression of the YOR, abnormal position postural testing with eiectronystagmography (ENG) recording, and
abnormal results of craniocorpography (CCG) [27] .
SPECT of brain images in one patient with tinnitus
of the severe disabling type and the clinical diagnosis of
cerebrovascular disease has been selected to demonstrate
the multiple perfusion asymmetries in brain, highlighted
by the primary auditory cortex, medial temporal lobe system and cerebellum (Figure 1). The multicolor display accentuates asymmetry of cerebellum as demonstrated in the
upper transaxial reconstructed image. The arrow points to
area of abnormal diminished activity in medial right cerebellum. Coronal Image of same below (Figure 2).

DESCENDING AUDITORY SYSTEMI
ACOUSTICOMOTOR SYSTEMS
The anatomico-physiologic information of the descending auditory system and its multiple functions are considered significant for understanding not only auditory
function in general but specifically the clinical course
of the tinnitus particularly of the severe disabling type.

HistoryILiterature
An excellent review of the descending auditory pathway and acousticomotor systems can be found in Huffman and Henson Jr. (1990) [61).
From the start (1979) the symptom of tinnitus was
conceptualized as an aberrant sensory phenomenon
which clinically could arise in any part of the cochleo-
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Figure 1. Abnormal SPECT Brain-Cerebrovascular Disease
Right (R) Left (L)
A I A2 Medial Temporal Lobe - Reduced perfusion Rt. and Lt.
Primary Auditory cortex - Increased perfusion Rt., Reduced Lt.
B I B2 Cerebellum - Reduced uptake Left greater than Right.
- Temporal Lobes - reduced bilateral
AI - Transaxial (Upper Left) 3 - Primary Auditory Cortex
(R) Increased Perfusion
4 - Primary Auditory Cortex
(L) Decreased Perfusion
A2 - Coronal (Lower Left): 1 - Medial Temporal Lobe System (R) Reduced Perfusion
2 - Medial Temporal Lobe System (L) Reduced Perfusion
8 1 Transaxial (Upper Right) I - Cerebellum (L)
2 - Cerebellum (R)
3 - Temporal Lobe (L)
4 - Temporal Lobe (R)
B2 Coronal (Lower Right) I - Cerebellum (L)
2 - Cerebellum (R)

vestibular system - peripheral and/or central [62). This
was the basis for the formulation of a Medical Audiologic Tinnitus Patient Protocol reflecting a neurotologic/audiologic team approach for both diagnosis and
treatment [9 ,62,63]. It is a dynamic protocol reflecting
advances in the basic science and clinical research
efforts for tinnitus diagnosis and treatment [64). A similar approach was applied for tinnitus applying basic
neurotologic teaching for complaints of hearing loss
and vertigo. Subtypes of a cochlear and central type tinnitus were theorized in 1981 [65-67).
It was hypothesized in 1991 that tinnitus may arise in
multiple areas of brain and/or periphery of the cochleovestibular system due to the development of an epileptogenic focus (foci) [9]. The process was called Tinnitogenesis. It was suggested in 1993 to be explainable by
the glutamate neuroexcitotoxicity theory [68). In 1997 it
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errant auditory phenomenon, called tinnitus, but also
for its role in the clinical course of tinnitus, particularly
of the severe disabling type and its modulation.
Significant for our discussion of the descending auditory system for tinnitus is to consider the following:

Figure 2. Abnormal SPECT Brain - Cerebrovascular Disease Right (R), Left (L)
B3 B4 - Cerebellum - reduced uptake Left greater than Right
- Temporal Lobes - Reduced Bilateral
B3 - Transaxial (Upper Right)
1 - Cerebellum (L)
2 - Cerebellum (R)
3 - Temporal Lobe (L)
4 - Temporal Lobe (R)
B4 - Coronal (Lower Right)
1 - Cerebellum (L)
2 - Cerebellum (R)
Arrow - Medial Cerebellum (R)

was suggested that the resulting calcium cascade involved proteases highlighted by calpain [69] . Recent
reports from the neurosciences find support for our clinical neurotologic/audiologic reports and clinical approaches to tinnitus for clinical types/subtypes of both
cochlear and central types of tinnitus [26,31 ,32,69-71] .

Descending Auditory System [61]
The descending auditory system is considered significant not only for the origin and site of lesion for an ab-
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a. The ascending system consists of essentially eight
levels: 1) cochlea (CO); 2) cochlear nucleus
(CN); 3) superior olivary complex (SOC) and
trapezoid (T); 4) lateral lemnisus (LL); 5) inferior colliculus (IC); 6) medial geniculate body
(MGB); 7)thalamus (THAL); and 8) auditory
cortex (AC).
b. Three major projections comprise the descending
auditory pathway:
I) Auditory cortex to MGB and IC;
2) IC to the CN and SOC; and
3) SOC to CO
In general, for each projection in the ascending
pathway from the CN to AC there is a parallel
descending projection with one exception-no
geniculocolliculus fibers.
c. The inferior colliculus-an obligatory synaptic
station in the descending auditory pathways.
d. The descending inputs to the inferior colliculus
from the auditory cortex which include:
I) Corticocollicular projections;
2) Corticogeniculate projections;
3) Colliculocochleonuclei projections;
4) Colliculolivary projections;
5) Colliculo-cerebellar projections;
6) Acousticomotor systems; and
7) Cerebello-cochlear nucleus projection.

Auditory Cortex to MGB and IC
It has been proposed that regions of the auditory cortex
(AC) are homologous across many species. In the rat
three AC areas are Broca 41,22, and 36. Three parallel
descending pathways provide a major projection to a
nucleus in each of three auditory centers i.e. IC, MGB,
an AC (Figure 3) [61]. The three sets of connections are
mutually exclusive and provide a system of multiple
parallel feedback loops between the AC and the Ie.
From the AC to the IC the descending auditory pathway is a segregated projection . The majority of the corticocollicular fibers terminate in the dorsal and external
nucleus of the Ie. There is an absence of projections to
the central nucleus. Although this is the case for the cat,
rat, and tree shrew, monkeys may be an exception
[72,73].
The AC can modulate the response of the IC neurons to sound [74] .
The AC projects to both the IC and MGB by the corticogeniculate projections which like the corticocollicu-
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Figure 3. Multiple feedback loops in the descending auditory
system of the rat. Each of three parallel descending pathways
provides a major projection to a nucleus of 3 auditory centers:
inferior colliculus, medial geniculate body and auditory cortex . v MGB , ventral division medial geniculate body; mMGB,
medial division medial geniculate body, dMGB , dorsal divi sion medial geniculate body; ICC, central nucleus inferior colliculus; lCD, dorsal nucleus inferior colliculus; lCX , external
nucleus inferior colliculus. From: Huffman , R.F. , Henson,
O.W . Jr. The descending auditory pathway and acousticomotor systems, connections with the inferior colliculus. Brain
Research Reviews 15 (1990) 295-323. Elsevier, with permission from Elsevier Science.

lar fibers originate from pyramidal cells in the AC [61] .
There are three distinct corticocolliculo-geniculocortical pathways in the rat. A system of three parallel descending pathways in the cat and rat exists in other animals suggesting a common mammalian scheme. The
anatomical and physiological characteristics of these
projections are similar to those that reach the Ie. There
are two parallel cortical projections in the descending
auditory pathway. One to the IC, the other to the MGB.
The projections from the AC to both the IC and the
MGB originate from the pyramidal cells in Ae.
Significant for the AC projections to the MGB are
the reciprocal connections between both structures for
origin and termination. Although all AC areas in the rat
i.e. Broca 41, 22, 36 have connections with the MGB,
each of these three areas in the rat has a strong individual and separate connection, e.g. Area 41 with the ventral medial geniculate body (vMGB) ; Area 36 with the
deep dorsal medial geniculate body (dMGB) ; and Area
22 with the medial division of the medial geniculate
body (mMGB).

Inhibition is a common feature in descending neural
systems [61]. This is performed by inhibitory mechanisms which reduce baseline activity in the absence of
sound; and by excitatory mechanisms which prolong
the duration of auditory signal processing. In both cases
the signal to noise ratio of the system is increased by
cortical input. However, input from the AC can facilitate lemniscal synaptic transmission [75]. The overall
result can be an increased excitatory synaptic transmission in response to an acoustic signal even though inhibition is a common feature in the descending neural
systems.
Cortical influences on the descending auditory pathway include models of inhibition, and increased sensitivity as well as cognitive influences.

Inferior Colliculus to CN and SOC
Briefly, the inferior colliculus (IC) can be divided/classified into central, dorsal, and external nuclei . The IC is
a caudal ventrolateral central nucleus that is encapsulated by the dorsal nucleus dorsally and caudally, and by
the external nucleus ventrally, laterally and rostrally
(Figure 4) [61]. Each nucleus of the IC has been identified to have distinct structural and functional features.
The central nucleus participates directly in ascending
and descending primary auditory pathways and receives
the principal relay afferent fibers of the ascending auditory system. Fibers synapse rostrally with the principal
auditory thalamic relay nucleus which is the ventral divi-

Figure 4. Schematic of a coronal section through the inferior
colliculus showing the central (ICC) , dorsal (ICD) and extern al (lCX) nuclei. Lines near the dorsal and lateral surfaces
indicate a cytoarchitecture (layers 1-3). Brain Research Reviews 15 (1990) 295 - 323. Elsevier, with permission from
Elsevier Science.
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sion of the MGB, and caudally with the dorsal and ventral cochlear nuclei, superior olivary complex and
nuclei of the LL [76- 78] .
The dorsal nucleus receives major auditory cortical
projections and projects exclusively to the dorsal division of the MGB. It includes the dorsal cortex and areas
adjacent to the periaqueductal gray which are dorsal
and medial to the central nucleus [79] .
The external nucleus receives both auditory and somatosensory input. This suggests a role in multisensory
integration. It projects to the medial division of the
MGB and descending acousticomotor systems [60].
The cerebellum may also have some influence directly
on the ascending core auditory system via the acousticomotor systems. There are multiple feedback loops
between the inferior colliculus, MGB and the auditory
cortex [80-83].
In summary, the most frequently reported connection intrinsically within the IC is from the central to the
external division of the IC. The external nucleus is a
multisensory nucleus which functionally separates it
from the other auditory IC nuclei. It has connections
with SC, cerebellum and mMGB which themselves are
multisensory, mutually interconnected, and share descending cortical projections from the AC.
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I C/SOC/Cochlea
The IC projects caudally to two auditory brain stem
areas, the CN [78,84-87], and the SOC [77,78,84,87,
88] . The projections from the IC allow direct effects
not only on the auditory brain stem but also contribute
to the descending auditory pathway originating from
the SOc. The colliculolivary projections appear to terminate in parts of the SOC where olivocochlear neurons
have been identified [61].
Significant for tinnitus is the role of the inferior colliculus and the olivocochlear efferent system. Recent
reports of Sahley, Musiek, and Nodar of a model for
opiate receptor identification within the auditory system and speculation of its action both central and its
effect peripherally within the Organ of Corti is considered significant for understanding the clinical course of
tinnitus and for future tinnitus treatment [89]. Tinnitus
as Tonndorf has hypothesized may be the "pain" of the
auditory system [90].
A trisynaptic pathway has been suggested by anatomical and physiological reports between the auditory
cortex and cochlea [61] (Figure 5). The IC provides a
possible link between descending information from
the AC ; and the olivocochlea (OC) efferent system to
the outer hair cells (OHC) in the cochlea [91]. The reciprocal ascending and descending connections between
any pair of nuclei within the IC/SOC and CN result in a
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Figure 5. Trisynaptic pathway between auditory cortex and
the cochlea (thick arrows). AC, auditory cortex; IC, inferior colliculus; SOC, superior olivary complex ; CN, Cochlea nucleus.
From : Huffman , R.F. , Henson, O.W. Jr. The descending auditory pathway and acousticomotor systems, connections with
the inferior colliculus. Brain Research Reviews 15 (1990)
295-323 . Elsevier; with permission from Elsevier Science.

system of multiple feedback loops for auditory information . For auditory information processing caudal to the
Ie, bilateral projections have not been described.
There are at least five obligatory synapses in the ascending pathway from the cochlea to the AC. Descending impulses from the AC reach the cochlea in a travel
time shorter than that of ascending information. This is
an advantage since the descending feedback does not
interfere in the continuous cycle of reception and modification of incoming sensory information [61].
Many physiologic studies have demonstrated auditory processing in the cerebellum e.g. vermis [59,60,92,
93,94] . The IC, and particularly the external nucleus of
the IC, a multisensory nucleus has connections with
SC, cerebellum and medial nucleus of the medial geniculate body i.e. the acousticomotor systems.
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Acousticomotor Systems
The literature has identified acousticomotor systems.
The acousticomotor systems include the medial division of the MGB, the superior colliculus, and cerebellum . Each of the divisions of the acousticomotor systems subserve multisensory integrative functions and
participate in coordination of head, ear, and eye movements for sound localization.
Ongoing studies are attempting to answer questions
presented by the descending auditory system as it
applies to the symptom of tinnitus and, in particular, the
multisensory integrative function of the external nucleus of the IC with the cerebellum and acousticomotor
systems [96].
The SC is considered a higher center for cOOl'dination of directional orientation of head, eyes, and ears
[97]. The projection of the IC to the SC has been observed in many species i.e. cat [98], guinea pig [79],
kangaroo rat [99], monkey [77], rabbits [100], rat [10 I]
and bats [102].
The findings with SPECT Imaging of Brain and perfusion asymmetries in cerebellum of tinnitus patients
are considered to be a reflection of the activity of the
descending auditory system and, in particular, the acousticomotor systems in brain and its response to an aberrant auditory stimulus. Clinically this may reflect a psychomotor component of tinnitus and explain some
different central types of tinnitus.
Connections of the descending auditory pathway
complement those of the ascending pathway. In both
systems the IC is a obligatory station for the termination of fibers [61].
The IC has significant roles in both ascending and
descending auditory pathways and in acousticomotor
systems. The external nucleus of the IC projects to
these systems i.e. medial division of MGB, SC, and
cerebellum which themselves subserve multisensory
integrative functions [61].
The acousticomotor systems/pathways/projections
may explain clinical manifestations of both acoustic somatosensory and limbic system dysfunction frequently
reported by tinnitus patients of the severe disabling type.

Inferior Colliculus-Additional Roles
It is suggested that the significance of the IC extends

beyond that of the ascending, descending, and acousticomotor pathways [61]. Additional roles proposed reflect connections of the IC with the hypothalamus and
its role in learning and memory. Significant for tinnitus
are studies of acoustic conditioning which indicate that
neural activity in the IC changes with conditioning
[103,104]. A frequency selective increase in metabolic
response has been demonstrated in the IC with associa-
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tive classical conditioning of an acoustic stimulus to a
unconditioned stimulus [105]. In the rat discharge rates
of the IC and the CN to an acoustic stimulus (condition
stimulus) increase when paired with an unconditioned
stimulus. This may explain classical tinnitus relief
methods described by patients who report that they are
better able to deal with the complaint over time and/or
become less disturbed by the stimulus i.e. natural habituation [106]; and tinnitus retraining therapy called
" habituation" [107].
It is known that the mMGB projects to the limbic
system and subcortical areas involved in processing of
emotional behavior i.e. amygdala, caudate, putamen,
and ventral medial hypothalamic area. The mMGB
may serve as a primary link for attaching emotional significance to acoustic stimuli [31 ,32,108].
It is questioned whether the IC provides auditory
input to the mMGB which has encoded information
about acoustic condition to learning. Whether or not the
IC has influence on the activity of limbic structures remains to be established. There is discussion of not only
auditory but possibly non-auditory processes in the IC
[61 ].
The IC significantly contributes to the descending
auditory system as well as descending control of the
acousticomotor systems.
The IC is a source of auditory input to integrate auditory, visual and tactile localization cues. Orientation
behavior and localization. It also may playa role in
acoustic reflex such as the acoustic startle response
[110], and middle ear reflex [61].
The external nucleus of the IC projects to the SC and
the cerebellum. Both are neural sites of multisensory
integration and participate in coordination of head, ear,
and eye movements toward a sound source. Connections of the IC with SC, cerebellum and somatosensory
system suggest that the external nucleus is a crucial relay in the acousticomotor pathways. It is a role separate
from that of the core auditory system (Figure 6) [61].
The connection of the IC with the SC is thought to have
a role in acoustic orientation. The SC is generally considered a higher motor center for coordinating directional orientation of head, eyes, and ears. Additional
connections of the SC with the auditory system contribute to acousticomotor pathways and also create feedback loops (Figure 6) [61] .
Auditory information processing has been demonstrated in the cerebellum. Multiple descending auditory
projections to the cerebellum via the dorsolateral pontine nucleus (DLPN) parallel those from the IC The IC
connects with the cerebellum by way of tectopontine
projections. Electrical stimulation of the IC evokes
potentials in the vermi s [I I I] . The DLPN is the principal brain stem relay nucleus projecting to those areas in
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In tinnitus the multiple areas of perfusion asymmetries demonstrated by nuclear medicine SPECT studies
is represented by hypo- and hyperactivity and suggest
an interneuronal network controlled by neurochemical
interaction of multiple neuro-transmitter systems which
are hypothesized to influence the clinical course of
severe disabling tinnitus [1-5] .
To be considered in the understanding of the clinical
significance of the perfusion asymmetries in cerebellar
cortex are:

Figure 6. Connections of the external nucleus of the inferior
colliculus with acousticomotor and somatosensory systems.
C8, cerebellum; den , dorsal column nuclei; stn, spi nal trigeminal nuclei; SSCx, somatosensory cortex. From: Huffman ,
R.F. , Hen so n, O.W. Jr. The descending auditory pathway and
acousticomotor systems, connections with the inferior collicuIus. Braill Research Reviews 15 (1990) 295-323. Elsevier,
with permission from Elsevier Science.

the cerebellum responsive to acoustic stimuli [112115]. In the cat it is predominantly the external nucleus
which projects heavily to the DLPN. The most concentrated projection is to lobule VII of the vermis; as well
as lobules VI, VIII, VX , CRUS I, II and the parafloccuIus and the paramedian lobule [115].

DISCUSSION
The classical concept of cerebellar control involving
primarily coordination of motor function has within the
past 30 years undergone distinct change. Most significant has been the identification that most types of natural
peripheral stimuli affect the activity of larger number of
cerebellar neurons. This is highlighted by cerebellar responses to vestibular, visual, and auditory stimuli [49].
The control function of the cerebellum originally
considered to be that of a "braking" action, has recently
been demonstrated to include both gabaergic (braking)
and glutaminergic (accelerating) activity [34].
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a) Interference/increase in gabaergic inhibition to
auditory nuclei in the ascending auditory pathway and primary auditory cortex;
b) Interference in thalamic control of speech as well
as influence expressed clinically as fear. That is,
interference in the emotional response of the patient in the presence of an aberrant auditory signal in the thamalo-amygdala and/or thalamocorticoamygdala pathway;
c) Interference in proprioceptive function manifested in alteration in psychomotor response reflecting the psychomotor component of tinnitus
and identified by interference in head and body
position;
d) Influence of visual orientation to auditory localization and overall motor response to spatial orientation in tht; presence of an aberrant auditory
signal;
e) Interference in plastic changes within the CNS
highlighted by location in the primary auditory
cortex, thalamus, and inferior colliculus;
f) The influence of the cerebellum is proposed for
the establishment of a paradoxical auditory memory for tinnitus. The establishment of a paradoxical auditory memory has been hypothesized to be
the initial process in the transition of the sensory
to the affect component of tinnitus which influences the development of the clinical course of
tinnitus of the severe and disabling type;
g) Diaschisis, a neuronal cut-off of blood supply
manifesting itself in the connected contralateral
cerebellum and reflecting an attempt to reestablish homeostasis within the intra-cranial circulation needs to be differentiated from neuronal
damage. The diamox stress test may in tinnitus
patients differentiate between cerebrovascular
insufficiency and/or neuronal change. Autoregulation of intra-cranial blood flow may in the
absence of an adequate cerebrovascular reserve
result in interference in cerebellar function, and
be reflected not only in the primary motor cortex
but also in prefrontal areas for cognition, the visual cortex for vision, the vestibular parietal cortex for spatial orientation, the primary auditory
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cortices for perception of sound, and the somatosensory cortex.
h) The acousticomotor systems are part of multisensory integrative pathways. The cerebellum plays
a role in each acousticomoter system.
Special attention in the cerebellum is recommended
for associated symptoms reported by tinnitus patients
such as interference in speech expression, psychomotor
complaints, gait difficulty, and abnormal orientation of
the head and proprioceptive input system in response to
auditory stimulation.
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with SPECT Imaging of Brain but also have been
clinically correlated with manifestations of the
psychomotor component as demonstrated by interference in the visual vestibular interaction and
prolongation/interference of the YOR, abnormal
position posture testing, and craniocorpography
(CCO). The clinical significance of these abnormal cerebellar findings in tinnitus patients of the
severe disabling type needs to be considered in
attempts to establish an accuracy of diagnosis
and treatment.
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fied with SPECT Imaging in Brain may influence by its overall increase and/or decrease in
gabaergic activity the development of the chronic
clinical course of severe disabling tinnitus ;
Cerebellar hypo-perfusion asymmetries may specifically in patients with tinnitus be reflected
clinically in various forms of dysacusis ; emotion
i.e. fear; and manifestations of the psychomotor
component of tinnitus e.g. interference in somatosensory and proprioceptive function;
Auditory inputs both normal and aberrant have
inputs to the cerebellum and interact with other
sensory systems;
Interneuronal pathway regulation of multiple
neuro-transmitter systems may be modulated by
cerebellar activity;
Close attention is advised for the interaction between areas of abnormality in perfusion between
cerebellum; thalamus; medial geniculate body;
auditory cortex, Broca and Wernicke areas;
One needs to consider whether the cerebellar
perfusion asymmetries reflect the phenomenon
of diaschisis, or alteration in neuronal function,
or a combination of both. The significance of the
cerebellar perfusion asymmetries for the clinical
course of tinnitus remains to be established;
It is postulated/hypothesized that tinnitus may
arise in multiple areas of brain and/or periphery
due to the development of an epileptogenic focus
(foci) reflecting activity of glutamate neuroexc itotoxicity theory and calcium cascade involving
the proteases highlighted by that of calpain;
The Final Common Pathway for tinnitus between
the sensory and affect is modulated by stress and
involves the OABA-A receptor modulated by
steroids;
Finally, cerebellar manifestations of perfusion
abnormality have been demonstrated not only

The author expresses appreciation to the Martha Entenmann Tinnitus Research Center, Inc., and to the Beech
Fund Trust B, New York Community Trust, for support
of this study.

REFERENCES
I. Shulman A, Strashun AM, Goldstein VA, Afryie MO.
Neurospect Cerebral Blood Flow Studies in Patients
with a Central Type Tinnitus-Preliminary Study. In JM
Aran et al. (eds), 4th International Tinnitus 1991 Seminar Transactions Amsterdam: Kugler Publications,
1991 : 211-215.
2. Shulman A, Strashun A. SPECT of Brain and TinnitusNeurotologic/Neurologic Implications. Presented at Triologic Society, New York City, January 1993 .
3. Frick GS, Strashun A, Aronson F, Kappes R, Shulman
A. The Scintigraphic Appearance at Pathophysiologic
Loci in Central Type Tinnitus: An Tc99m-HMPAO
Study. Abstract JNM (Supplement), May 1993: 210.
4. Shulman A, Strashun A. SPECT Imaging of Brain and
Tinnitus . Case Reports. In R.V. Heertum, A. Tikofsky
(eds), Cerebral SPECT Imaging (2nd ed), Raven Press,
1995:210-212.
5. Shulman A, Strashun AM, Afriyie M, Aronson F, Abel
W, Goldstein B. Spect Imaging of Brain and TinnitusNeurotologic/Neurologic Implications. Intern Tinnitus J
1:13-29; 1995.
6. Shulman A. Final Common Pathway Tinnitus. Invitation/Presentation. Univ. of Wurzburg, Germany, January 21,1995.
7. Shulman A. Final Common Pathway Tinnitus-The
Medial Temporal Lobe System. Presentation/Invitation,
Charles Univ. of Prague, Czech Republic, January 17,
1995 .
8. Shulman A. A Final Common Pathway for TinnitusThe Medial Temporal Lobe System. Intern Tinnitus J I:
115-126, 1995 .
9. Shulman A, Aran JM, Feldmann H, Tonndorf J, Vernon
J. Tinnitus Diagnosis/Treatment, Philadelphia: Lea &
Febiger, 1991; Singular Publishing Group, San Diego,
CA,1997.

103

International Tinnitus Journal, Vol. 5, No.2, 1999

10. Somjen G. Sensory Coding in the Mammalian Nervous
System. Plenum Publ. Corp., New York, NY .
I I. Wagner H et al. Principles of Nuclear Medicine. Philadelphia: Saunders, 1995.
12. Ring H. Neuroactivation. In Principles of Nuclear Medicine, 1995: 100- 115. Philadelphia: Saunders.
13. Kandel E, Schwartz JA. Brain and Behavior. In Principles of Neural Science. (2nd ed), Amsterdam, New
York: Elsevier, 1985:3-11.
14. Crick F, Koch C. The Problem of Consciousness. Scientific American 9:153- 159, 1992.

Shulman and Strashun

al Neuroscience: Foundation of adaptive networks,
Cambridge, MA: Bradford Books MIT Press, 1990:352.
32. LeDoux JE, Cicchetti P, Zagoraria A, Romanski LM.
The lateral amygdaloid nucleus: Sensory interface of the
amygdala in fear conditioning. J Neurosc 10: 10621069,1990.
33. Jeanmonod 0 , Magnin M , Morel A. Low-threshold calcium spike bursts in the human thalamus. Common
physiopathology for sensory, motor and limbic positive
symptoms. Brain 1996: 119, 363 - 375.

15. Shulman A. SPECT of Brain and Vertigo-A Case Report. Intern Tinnitus J 2:59-66, 1996.

34. Steriade M. Coherent Scillations and Short Term Plasticity in Corticothalamic Networks. Trends Neurosci
22:337-345 , 1999.

16. Shulman A. Tinnitology in Nuclear Medicine-SPECT
Imaging of Brain and Tinnitus-A review 1990-1994.
In G. Reich, J. Vernon (eds), Proceedings Fifth International Tinnitus Seminar. 1995: 139- 545.

36. Kandel ER, Schwartz JH, Jessell TM . Essentials of Neural Science and Behavior, Appleton & Lange, 1995.

17. Shulman A. Medical Significance Tinnitus. Intern Tinnitus J 3:45-50, 1997.
18. Shulman A. Neuroprotective Drug Therapy. A Medical
and Pharmacological Treatment for Tinnitus Control.
Intern Tinnitus J 3:77-93 , 1997.

35. Begleiter H. Personal communication, August, 1999.

37. Beckenstein JW, Lothman EQ. Dormancy of Inhibitory
Interneurons-A Model of Temporal Lobe Epilepsy.
Science 259:97-99, 1993.
38. Gilman S, Bloedel JR, Lechtenberg R. Disorders of the
Cerebellum. Philadelphia: F.A . Davis Co. , 1981: 1-415.

19. Shulman A. A Stress Model for Tinnitus. Neurotology
Newsletter 3:53 - 57, 1998.

39. Brown D.O. Foreword. In Disorders of the Cerebellum.
Philadelphia: F.A. Davis, Co. , 1981 .

20. Shulman A. Stress Model for Tinnitus. Presentation.
International Tinnitus Study Group, September 21 ,
1992.

40. Middleton FA, Strick PL. The Cerebellum: An Overview. Trends Neurosci 21:367-368,1998.

21 . McEwen BS, Weiss JM, Schartz LS. Uptake of corticosterone by the rat brain and its concentration in certain
limbic structures. Brain Res 16:227 - 241, 1969.
22. McEwen BS, Schmeck HM Jr. Inside Job? Stress, Good
and Bad. In The Hostage Brain. New York: The Rockefeller Univ. Press, 1994:76-93.
23 . McEwen BS , Stellar E. Stress and the Individual: Mechanisms Leading to Disease. Arch Int Med 153 :20932101 , 1993.
24. McEwen BS, Weiss JM, Schwartz L. Selective Retention of Corticosterone by Limbic Structures in Rat Brain.
Nature 220:911-912, 1968.
25. Jacobson L, Sapolsky R. The role of the hippocampus in
feedback regulation of the hippothalamic-pituitary-adrenaI
cortex axis. Endocrin Rev 12:118, 1991.
26. Sapolsky RM. Stress, the Ageing Brain and Mechanisms
of Neuron Death. London: MIT Press, 1992:266, 288289.

41. Thompson RF. Classical Conditioning. Science 223 ,
291 - 294, 1986.
42. Shulman A. Presentation : Descending Auditory System/
CerebellumlTinnitus. Presentation Grand Rounds. Dartmouth-Hitchcock Medical Center, Depts. Neurology/
Neurosurgery, Lebanon, NH, August 13, 1999. In Press.
43 . Ito M . Cerebellar Learning in Vestibulo-ocular Reflex
Trends Cognit Sci 2:313-321, 1998.
44. Shulman A. Vestibular Test Battery Correlates and Tinnitus. Br J Laryngol Otol (Suppl 9) 181-183, 1984.
45. Shulman A. Secondary Endolymphatic HydropslTinnitus. AAO-HNS Transactions 104:146-147, 1991.
46. Middleton FA, Strick PL. Cerebellar Output: Motor and
Cognitive Channels. Trends Cognit Sci 2:348-354,
1998.
47. Desmond JE, Fiez JA. Neuroimaging Studies of Cerebellum: Language, Learning and Memory. Trends Cognit Sci 2:355-362, 1995.

27. Claussen CG . Personal communication , November 4,
1998.

48 . Schmahmann JD. Dysmetria of Thought: Clinical Consequences of Cerebellar Dysfunction on Cognition and
Affect. Trends Cognit Sci 2:362-371,1998 .

28. Matsushima, J, Noboru S, Tohru 1. Effects of Tinnitus on
Posture: A Study of Electrical Tinnitus Suppression . Intern Tinnitus J 5:35 - 39, 1999.

49. Gilman S, Bloedel JR, Lechtenberg R. Disorders of the
Cerebellum. The Responses of Cerebellar Neurons. Philadelphia: F.A. Davis Co. , 1981:95 - 99.

29. Descartes R. Philosophical Writings, N.K. Smith (ed) ,
New York : Modern Library, 1958.
30. Hinton GE, Plaut DC, Shallice T. Simulating Brain
Damage, Scientific American 1:76-82, 1993.

50. Steriade M, Stoupel N. Contribution a'i etude des relations entre I'aire auditive du cervelet et l'ecorce cerebrale chez Ie chat. Electroencephal Clin Neurophysiol
12:119,1960.

31. LeDoux JE. Information flow from sensation to emotion
plasticity in the neural computation of stimulus value. In
M. Grabriel, J. Moore (eds) . Learning and Computation-

51 . Teramoto S, Snider RS . Modification of auditory responses by cerebellar stimulation. Exp Neurol 16:191 ,
1966.

104

Descending Auditory System/Cerebellum/Tinnitus

International Tinnitus Journal, Vol. 5, No.2, 1999

52. Altman JA, Bechterev NN, Radionova EA. Electrical responses of the auditory area of the cerebellar cortex to
acoustic stimulation. Exp Brain Res 26:285, 1976.

71. Suzuki WA. Anatomy, Physiology and Functions of the
Perirhinal Cortex. Current Opinion in Neurobiology
6: 179-186, 1996.

53. Snider RS, Stowell A. Receiving areas of tactile, auditory and visual systems in the cerebellum. J Neurophysiol
7:331,1944.

72. Goldstein Jr. JH, Knight PL. Comparative Organization
of Mammalian Auditory Cortex . In N. Popper and R. R.
Fay (eds). Comparative Studies of Hearing in Vertebrates, New York: Springer, 1980:375-398.

54. Misrahy FA, Spradley JF, Beran A V. Acoustic cerebellar pathways in cats. J NeurophysioI24:l59, 1961.
55. Munson JB. Cortical modulation of cerebellar teleceptive input: some new considerations. Brain Res 7:474,
1968.
56. Aitkin LM, Boyd J. Responses of single units in cerebellar vermis of the cat to monaural and binaural stimuli. J
Neurophysiol 38:4 18, 1975.
57. Gacek R. A cerebellocochlear nucleus pathway in the
cat. Exp Neurol41: 101-112, 1973.
58. Maruyama N, Kagitomi T, Shinoda H. Electric responses
to sound stimulation from the cerebellum in cat. Acta
Med Bioi 4:317 -324, 1957.
59. Shofer RJ, Nahvi MJ, Strom M. Frequency sensitive auditory responses in the cerebellum with surface and
microelectrode recordings. Electroencephalog Clin NeurophysioI26:633, 1969.
60. Woolsey CN, Adrian H, Lifschitz W. Activity of neural
units in the auditory area of the cerebellum in decerebrate cats. Science 146:435 -436, 1964.
61. Huffman RF, Henson OW Jr. The descending auditory
pathway and acousticomotor systems: connections with
the inferior colliculus. Brain Res Rev 15:295-323,1999.
62. Shulman A. Tinnitus: Diagnosis and Treatment. Hear
Aid J 1:32-34, 1979.
63. Shulman A. "Medical Audiologic Tinnitus Patient Protocol." In Tinnitus Diagnosis/Treatment Philadelphia:
Lea & Febiger, 1991 :319-321.
64. Iskowitz M. New Techniques in Tinnitus Treatment.
Advances for Speech-Language Pathologists & Audiologists, May 3, 1999.
65. Shulman A. "Subjective Idiopathic Tinnitus Clinical
Types: A System of Nomenclature and Classification."
In H. Feldmann (ed) Proceedings, Third Int'l Tinnitus
Seminar, Karlsruhe: Harsch Verlag, 1987:136-141.
66. Shulman A, Seitz. "Central Tinnitus- Diagnosis/Treatment." Observations of simultaneous auditory brainstem
responses with monaural stimulation in the tinnitus patient. Laryngoscope 91 :2025-2035, 1981.
67. Shulman A. "Clinical Types of Tinnitus." In TinnitusDiagnosis/Treatment, Philadelphia: Lea & Febiger,
1991:323-341.
68. Shulman A, Strashun A. SPECTofBrain and TinnitusNeurotologic/Neurologic Implications." Presented at
Triologic Society, New York City, January 1993.
69. Shulman A. Neuroprotective Drug Therapy: A Medical
and Pharmacological Treatment for Tinnitus Control.
Intern Tinnitus J 3:77-93, 1997.
70. Meunier M, Bachevalier J, Mishkin M, Murray EA. Effects on Visual Recognition of Combined and Separate
Ablations of the Entorhinal and Perirhinal Cortex in
Rhesus Monkeys. J Neurosci 13(12):5418-5432, 1993.

73. Pandya OM, San ides F. Architectonic parcellation of the
temporal operculum in the rhesus monkey and its projection pattern, Z Anat Entwick/Gesch 2: 127-161, 1973.
74. Massopust Jr LC, Ordy JM. Auditory organization of inferior colliculus in cat. Exp NeuroI6:465-477, 1962.
75. Andersen P, Junge K, Sveen O. Cortico-fugal facilitation
of thalamic transmission. Brain Behav Evol 6: 170-184,
1972.
76. Moore RY, Goldberg JM. Ascending projections of the
inferior colliculus in the cat. J Comp Neurol 121:109135,1963.
77. Moore RY, Goldberg JM. Projections of the inferior colliculus in the monkey. Exp NeuroI14:429-438, 1966.
78. Noort van J. The Structure and Connections of the Inferior Colliculus. Van Gorcum, Assen, 1969.
79. Woollard HH, Harpman JA. The connections of the.inferior colliculus and of the dorsal nucleus of the lateral
lemniscus. J Anat 74:441-458, 1940.
80. Aitkin L. The Auditory Midbrain. Humana Press, Clifton,
1986: 1-246.
81. Faye-Lund H. The neocortical projection to the inferior
colliculus in the albino rat. Anat Embryol 173:53-70,
1985.
82. Faye-Lund H. Some speculations on the function of the
descending auditory pathways. In J. Syka, R.B. Masterson (eds), Auditory Pathway: Structure and Function.
New York: Plenum Press, 1988:305-309.
83. Fitzpatrick KA, Imig TJ. Projections of auditory cortex
upon the thalamus and midbrain in the owl monkey. J
Comp Neuroll77:537 -556, 1978.
84. Andersen RA, Roth GL, Aitkin LM, Merzenich MM.
The efferent projections of the central nucleus and the
pericentral nucleus of the inferior colliculus in the cat.
J Comp Neurol 194:649-662, 1980.
85. Conlee JW, Kane ES. Descending projections from the
inferior colliculus to the dorsal cochlear nucleus in the cat:
an autoradiographic study. Neuroscience I: 161-178,
1982.
86. Jones DR, Casseday JH, Diamond IT. Further study of
parallel auditory pathways in the tree shrew. Tupaia glis,
Anat. Rec. 184:438-439, 1976.
87. Thompson GC, Thompson AM. Descending targets of
inferior colliculus efferents in bush baby (Galago crassicaudatus). Soc Neurosci Abstr 15:748, 1989.
88. Faye-Lund H. Projection from the inferior colliculus in
the superior olivary complex in the albino rat. Anat Embryol 175:35-52, 1986.
89. Sahley T, Musiek F, Nodar R. Endogenous Dynorphins:
Possible Role in Peripheral Tinnitus. Inti Tinnitus J (In
Press).

105

International Tinnitus Journal, Vol. 5, No.2, 1999

90 . TonndOlf J. The origin of Tinnitus. In Tinnitus Diagnosis Treatment. Philadelphia: Lea & Febiger, 1991 :41-49.
91. Warr WB, Guinan Jr. JJ. Efferent innervation of the Organ of Corti: two separate systems. Brain Res 173:152155, 1979.
92. Aitkin LM , Boyd J. Responses of single units in cerebellar vermis of the cat of monoaural and binaural stimuli.
J NeurophysioI38:418-429, 1975.
93. Horikawa J, Suga N. Biosonar signals and cerebellar auditory neurons of the mustached bat. J Neurophysiol
55:1247-1267 , 1986.
94. Maruyama N, Kagitomi T, Shonoda H, Higuchi A, Kanno Y, Morimoto N. Electric responses to sound stimulation from the cerebellum in cat. Acta Mal Bioi 4:317324, 1957.

Shulman and Strashun

104. Olds J, Nienhuis R, Olds ME. Patterns of conditioned
unit responses in the auditory system of the rat. Exp Neurol 59:209-228, 1978.
105. Gonzalez-Lima F, Scheich H. Classical conditioning enhances auditory 2-deoxyglucose patterns in the inferior
colliculus. Neurosc Lett 51 :79-85, 1984.
106. Shulman A. Personal communication, November 4,
1998.
107. Jastreboff P, Hazell JWP. A neurophysiological approach to tinnitus. Clinical implications. Br J Audiol
27:7-17 , 1993.
108. LeDoux JE, Sakaguchi A, Reis OJ. Subcortical efferent
projections of the medial geniculate nucleus mediate
emotional responses conditioned to acoustic stimuli. J
Neurosci 4:683-698, 1983.

95. Jen RH-S, Sun X. Frontal auditory space representation
in the cerebellar vermis of echolocating bats. In PE
Nachtigall , PWE Moore (eds). Animal Sonar: Processes
and Performance. New York: Plenum Press, 1988 :271274.

109. LeDoux JE, Ruggiero DA, Reis OJ. Projections to the
subcortical forebrain from anatomically defined regions
of the medial geniculate body in the rat. J Camp Neural
242:183 - 213,1985.

96. Strashun AM. Personal communication, November 4,
1998.

110. Davis M, Gendelman OS, Tischler MD, Gendelman PM .
A primary acoustic startle circuit: lesion and stimulation
studies. J Neurosci 2:791-805, 1982.

97. Brodal A. Neurological Anatomy in Relation to Clinical
Medicine (3rd ed), New York: Oxford University Press,
1981.
98. Edwards SB , Ginsburgh CL, Jenkel CK, Stein BE.
Sources of subcortical projections to the superior colliculus in the cat. J Camp Neural 184:309-330, 1979.
99. Carey CL, Webster DB. Ascending and descending projections of the inferior colliculus in the kangaroo rat (Dipodomys merriami). Brain Behav EvoI4:401-412, 1971 .
100. Tarlov EC, Moore RY. The tecto-thalamic connections
in the brain of the rabbit. J Camp Neural 126:403-422,
1966.
10 I. Druga R, Syka J. Projections from auditory structures to
the superior colliculus in the rat. Neurosci Lett 45 :247252, 1984.
102. Covey E, Hall WC, Kobler lB. Subcortical connections
of the superior colliculus in the mustache bat, Pteronotus
parnellii. J Camp Neural 263 : 179-197, 1987.
103. Olds J. Unit recordings during Pavlovian conditioning.
In NA Buchwald, MA Brazier (eds), Brain Mechanisms
in Mental Retardation. UCLA Forum in Medical Sciences
No. 18, New York: Academic Press, 1975:343-371.

106

III . Azizi SA, Burne RA, Woodward OJ. The auditory corticopontocerebellar projection in the rat: inputs to the
paraflocculus and midvermis. An anatomical and physiological study. Exp Brain Res 59:36- 49, 1985.
I 12. Hoddevik FH, Brodal A, Kawamura K, Hashikawa T.
The positive projection of cerebellar vermal visual
area studied by means of the retrograde axonal transport of horseradish peroxidase. Brain Res 123:209227 , 1977.
113. Kawamura K, Hashikawa T. Projections from the pontine nuclei proper and reticular tegmental nucleus onto
the cerebellar cortex in the cat. An autoradiographic
study. J Camp Neurol20 I :395-413, 1981.
114. Aitkin LM, Boyd J. Acoustic input to the lateral pontine
nuclei. Hearing Res 1:67-77, 1978.
115. Hashikawa T. The inferior colliculopontine neurons of
the cat in relation to other collicular descending neurons.
J Camp Neural 219:241-249 , 1983.
116. Shulman A. The Cerebellum/Descending Auditory System and Tinnitus. Presentation 26th NES Congress,
Anaheim, CA, June 12, 1999.

