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Outline of this presentation

Part 1- The brainstem as a tinnitus generator

Part 2-The brainstem as a tinnitus modulator

Part 3-The brainstem’s role in tinnitus comorbidities



Brief Review of brainstem anatomy

The portion of the brain that includes the medulla, pons, midbrain, and 
cerebellum.



Auditory nuclei:

• Cochlear nuclei 

• Inferior colliculi 

• Nuclei of the lateral lemniscus

• Superior olivary complex

What structures does the brainstem include?



What structures does the brainstem include?

Cranial Nerve nuclei

Cranial nerve nuclei



What structures does the brainstem include?

-Locus coeruleus (arousal, wakefulness)

-Pedunculopontine nucleus (PPN)(attention)

-Raphe nuclei (mood)

Locus 

Coeruleus

Raphe 

nucleus

Raphe 

nucleus

Raphe 

nucleus

Pedunculopontine

nucleus

Nuclei of the Reticular Activating System



What structures does the brainstem include?

--Somatosensory nucleus (cuneate) from the neck and trunk

--Numerous other nuclei involved in the control of:

homeostatic and autonomic functions: 

sleep 

wakefulness 

control of heart 

breathing 

visceral functions



Part 1: The brainstem as a tinnitus generator



Animal studies continually show disturbances in the level 
and pattern of resting (spontaneous) neural activity of 
brainstem auditory nuclei following manipulations that 

cause tinnitus:

• Increased firing rates (hyperactivity)

• Increased bursting activity

• Increased neural synchrony



Features of abnormal spontaneous activity:

• Originates in the Cochlear Nucleus (CN) and Inferior Colliculus (IC)

• Is relayed to higher levels of the pathway

• It is a chronic condition

• Correlates with behavioral evidence of tinnitus 

• Widely believed to contribute to the percepts of tinnitus



= Hyperactivity

Hyperactivity

What does this tinnitus-producing 
hyperactivity look like?

normal spontaneous 

activity

activity after noise 

exposure

From Kaltenbach & Afman, 2000)



Dorsal cochlear 

nucleus

Inferior 

colliculus

Mapping studies of hyperactivity reveal a distinct peak in 

the high frequency part of the tonotopic range

From Manzoor et al. (2013)



Increased resting state activity 
(hyperactivity) is also found in brainstem 
auditory nuclei of humans with tinnitus 







Tinnitus Generators (red)

Brainstem tinnitus core

Auditory nuclei:

• Cochlear nuclei

• Inferior colliculi



Tinnitus Generators (red)

Brainstem tinnitus core

Auditory nuclei:

• Cochlear nuclei

• Inferior colliculi



Part 2: The brainstem as a tinnitus modulator



Tinnitus modulation: The process by which the 
perceptual attributes of tinnitus can be actively 

regulated or varied over time. 

What is meant by tinnitus modulation?



What controls these modulations?
Modulations are under the control of neural pathways that feed 

back and provide input to the core tinnitus generators.

• Superior olivary complex 

• Inferior colliculi 

• Nuclei of the lateral lemniscus

Origins of these modulatory pathways:

AUDITORY NON-AUDITORY

• Locus coeruleus

• PMT (in midbrain)

• Raphe nucleus

• Somatosensory nerve & nuclei



Examples of tinnitus modulations by 
auditory brainstem centers

• Contralateral masking of tinnitus with noise (Feldman, 1981)

• Day to day fluctuations of tinnitus loudness and pitch (Penner, 1983)

• Residual inhibition: transient suppression of tinnitus following pres-
presentation of sound (Feldman, 1971)



Auditory brainstem pathways that likely play a role in 
the modulation of tinnitus

Olivocochlear pathway

Excitat
ory

Inferior 

Colliculi

Colliculo-cochlear and

Lemnisco-cochlear pathways

Nuc. of

Lat. Lemn.



Signal 
Attenuation

Signal 
Attenuation

X X

Cochlear

Nucleus

Spont. activity

X= Stimulation of contralateral nucleus of lateral lemniscus

From Comis and Whitfield, 1968

Modulation of spontaneous activity by lemnisco-
cochlear pathway



Modulation of hyperactivity by olivocochlear pathway 
could underlie day to day fluctuations of tinnitus:

Y= Stimulation of olivocochlear bundle

Signal
Attenuation

Cochlear

Nucleus

Hyperactivity

From Mulders et al., 2010

Y



Neural correlate of residual-inhibition 
in the inferior colliculus

From Galazyuk et al. (2017)



Examples of tinnitus modulations by 
non-auditory brainstem centers:

1.  Somatically-induced changes in tinnitus (Somatic tinnitus)

2.  Attention-induced changes in tinnitus

3. Tinnitus fluctuations with change in affective state (emotion/mood)



Somatically-induced tinnitus modulations

(Somatic tinnitus):

• Effective manipulations: Neck muscle contractions, 
jaw clenching, sliding of jaw to one side.

• Laterality: When tinnitus is unilateral, the most effective 
manipulations are on the side ipsilateral to the tinnitus. 

A form of tinnitus whose attributes (pitch, loudness, etc.) can be 
varied by manipulations of muscles in the head and upper neck

• Incidence: 68-79% of patients with tinnitus.

From Levine (2004)



Brainstem pathways implicated in 
somatic modulations of tinnitus

• Cervical nerves and nucleus

• Trigeminal nerve and nucleus



Neck muscles

Modulatory pathways to the cochlear nucleus 
from the cervical nerve (C2)

Brainstem

Cochlear nucleus
(        )

C2

C1

Cervical 

Nerves

From Cherian et al. (2014)

Sternocleidomastoid

muscle



Times of nerve stimulation

Cochlear nucleus responses to cervical nerve stimulation

C-1

C2

C3

From Kanold and Young (2001)



Auditory nerve

Inf. colliculi

Cochlear nuclei

Auditory 

cortex

Jaw 

muscles

Trigeminal 

nucleus

Modulatory pathways to the cochlear nucleus 
from the trigeminal nerve and nucleus

Modified after sketch from
Eaton-Peabody Laboratory



Cochlear nucleus responses to trigeminal nerve stimulation

From Shore (2005)



2. Attention-induced modulations of tinnitus

Clinical findings:

Tinnitus severity/annoyance can be reduced with attentional training 
(Searchfield et al., 2007; Eysel-Gosepath et al., 2004; Spiegel et al., 2015).

Variations in the perceived severity of tinnitus that accompany 
shifts in the focus of attention

Awareness of tinnitus decreases when focus of attention is on activities 

that are absorbing (Roberts et al., 2013).



Brainstem areas that may participate in 
attention-induced modulations of tinnitus

PMT in midbrain

Locus coeruleus (LC)



Brainstem pathways 

participating in 

attention gating that 

connect with tinnitus 

generators

PMT-pontomesencephalic tegmentumumm
CN-cochlear nucleus

IC-inferior colliculi

PMT

From Schofield et al. (2011)



Cat at rest

Same cat focused on mouse in a jar

Cat returns to resting

From Hernandez-Peon et al. (1956)

Cochlear nucleus activity is modulated during changes in attentional state



3. Emotional state-induced tinnitus modulation

• The severity of chronic tinnitus is highly correlated with anxiety, 
depression, stress. and emotional exhaustion (Folmer et al., 2001; 
Langguth et al., 2011, Hebert et al., 2012; Mazurek et al., 2015)

• Depressive symptoms play a key role in facilitating the chronic nature of 
tinnitus and may underpin the onset and continued reinforcement of the 
two pathways of a ‘vicious cycle’ (Trevis et al. (2016).

Variations in the severity of tinnitus associated with changes in 
levels of stress, anxiety, and depression





Brainstem centers that may participate in 
emotional state-induced modulations of tinnitus

Locus coeruleus (LC)

Dorsal Raphe Nucleus



Brainstem centers that participate in 
signaling changes in emotional state:

Locus coeruleus Raphe nuclei



From Locus 

Coeruleus

From Locus 

Coeruleus
From Raphe 

nuclei

From Raphe 

nuclei

Inputs from Locus Coeruleus and Raphe Nuclei to the tinnitus generator sites

From Klepper and Herbert (1991)



Main features of the Locus Coeruleus (LC) 
related to tinnitus modulation

• The LC is the brain’s principal source of noradrenalin

• It releases noradrenalin in response to stressful stimuli 

• Boosts the level of activation of other brain areas

• Increases the level of alertness and wakefulmess

• Enhances attentional focus and orientation to sensory stimuli

• Overactivation leads to anxiety and stress reactions

• Projects to all levels of the auditory system, including the tinnitus 

generator cells in the cochlear nucleus

• This projection suggests a possible role in amplification of tinnitus 

signals during periods of stress.



Main features of Dorsal Raphe Nucleus related to 
tinnitus modulation

• The brains principal source of serotonin

• Role in depression

• Projects to the cochlear nucleus and inferior colliculus tinnitus generators

• Serotonin administered to the cochlear nucleus increases neural 

(spontaneous) activity

• This projection suggests a possible role in amplification of tinnitus signals 

during periods of stress

• Antidepressants often reduce the severity of tinnitus (Robinson, 2004, 2007).



Part 3-Brainstem’s role in tinnitus comorbidities



What are the most common non-auditory

comorbidities associated with tinnitus?

ANXIETY (Pattyn et al., 2016; Durai and Searchfield, 2016)

DEPRESSION (Temugan et al., 2016; Langguth et al., 2011)

DIFFICULTY CONCENTRATING (Newman et al., 1997; Tyler & Baker, 1983)

SLEEP DISORDERS (Izuhara et al., 2013; Hebert and Carrier, 2007)

HEAD AND NECK DISORDERS (Folmer and Greist, 2003)



Why are these comorbidities so common 

in tinnitus patients?

The prevalence of comorbidities reflects, in 

part, underlying brainstem connections 

between generator and modulator sites



Comorbidities associated with tinnitus generally reflect 

interconnections between generator sites and modulator sites

Examples:

Head and neck disorders                         somatosensory nuclei Sensations and motor 
and cervical nerves control of head/neck muscles

COMORBID BRAINSTEM PRIMARY
DISORDER NUCLEI FUNCTION

Anxiety and stress related disorders 
Locus coeruleus Anxiety/stress

Sleep disorders Control of sleep cycle

Difficulty concentrating Cholinergic part of the Midbrain            Arousal, Attention 
tegmentum Sleep induction

Depression Dorsal Raphe nucleus Main source of 
serotonin, which 

controls mood

DIRECT 
CONNECTIONS 

WITH CN-IC?

Yes

Yes

Yes

Yes



Tinnitus is not usually associated with disorders arising from 

brainstem nuclei not connected to tinnitus generators

Examples:

NON-COMORBID BRAINSTEM PRIMARY
DISORDER NUCLEI FUNCTION

DIRECT 
CONNECTIONS 

WITH CN-IC?

No

No

Breathing abnormalities
Heart Arrhythmias

Gastroparesis
Control of visceral functions Nuclei of the vagus nerve

Dysgeusia (taste abnormalities) Solitary nucleus NoTaste

Disorders of nasal mucosa,

lacrimal and salivary glands
Salivatory nucleus Glandular secretions No

Skin and muscle disorders
below the neck

Gracile nucleus
Sensations/motor control

of muscles of the trunk

Tongue movement disorders Hypoglossal nucleus Muscular control of tongue

No



Types of cause and effect relationships between

tinnitus and its comorbidities

1. One way relationship:

2. Two-way relationship:

TINNITUS COMORBIDITY

TINNITUS COMORBIDITY

TINNITUS COMORBIDITY

or



Example of a comorbidity that has a one-way 

cause and effect relationship with tinnitus: 

Head or neck injury





From Folmer and Griest, 2003



TinnitusNeck injuryNeck injury

Only a one way cause and effect relationship between

tinnitus and head and neck disorders 

Tinnitus develops secondarily after the neck trauma

But, neither tinnitus nor its inducers cause or worsen the neck trauma

Noise trauma Tinnitus Neck injury



Tinnitus generator sites (CN/IC) receive one way

input from modulator sites (cuneate nucleus)

HEAD OR 

NECK INJURY



TINNITUS

HEAD OR 

NECK INJURY

Tinnitus generator sites (CN/IC) receive one way

input from modulator sites (cuneate nucleus)



TINNITUS

HEAD OR 

NECK INJURY

Tinnitus generator sites (CN/IC) receive one way

input from modulator sites (cuneate nucleus)



TINNITUS

Trigeminal & 

Cuneate nerve/nuc.

HEAD OR 

NECK INJURY

Tinnitus generator sites (CN/IC) receive one way

input from modulator sites (cuneate nucleus)



TINNITUS

CN/IC

HEAD OR 

NECK INJURY

Tinnitus generator sites (CN/IC) receive one way

input from modulator sites (cuneate nucleus)

Trigeminal & 

Cuneate nerve/nuc.



TINNITUS

HEAD OR 

NECK INJURY

CN/IC

Tinnitus generator sites (CN/IC) receive one way

input from modulator sites (cuneate nucleus)

Trigeminal & 

Cuneate nerve/nuc.



Other comorbidities have a two-way

cause and effect relationships with tinnitus: 



TINNITUS

Other comorbidities have a two-way

cause and effect relationships with tinnitus: 

STRESS/ANXIETY

ANATOMICAL CORRELATE:

Tinnitus generator sites:

CN/IC 

Arousal system:

Locus coeruleus

STRESS
Noradrenergic modulation



TINNITUS

Other comorbidities have a two-way

cause and effect relationships with tinnitus: 

DIFFICULTY 

CONCENTRATING

ANATOMICAL CORRELATE:

Tinnitus generator sites:

CN/IC 

Attention gate in

Midbrain Tegmentum

Cholinergic modulation



TINNITUS

Other comorbidities have a two-way

cause and effect relationships with tinnitus: 

DEPRESSION

ANATOMICAL CORRELATE:

Tinnitus generator sites:

CN/IC 

Mood regulation site:

Dorsal Raphe Nucleus

Emotional

traumaSerotonergic modulation



Where does this lead us in terms of 
clinical translation?

Tinnitus treatment needs to be guided by an understanding of the 

connections between the generator sites and the modulatory sites

Given that somatic tinnitus is comorbid with head and neck disorders, 

and that the relationship is top down only, treatment plan

Needs to target the head and neck disorder rather than the tinnitus itself.





Tinnitus that is comorbid with emotional, mood, or cognitive 

disorders, are more likely to improve with a multimodal

management plan that treats both the tinnitus and the comorbidity



Targeting the tinnitus Targeting the comorbidity

CBT/desensitization

Antidepressants

Anti-anxiety (anxiolytics)

Stress management

Counseling/Education

Sleep aids

Acoustic therapy 

maskers 

hearing aids

CRNM

Electrical stimulation

Anti-oxidant therapy

Attentional retraining 

(e.g.,TRT)

DUAL APPROACH SHOULD COMBINE TREATMENT OF BOTH THE TINNITUS 

AND THE COMORBID CONDITIONS



Clinical importance of knowing the brainstem 

components of tinnitus

1. Provides a framework for understanding the relationships between 

tinnitus and its associated comorbidities

2. Provides a guiding framework for improving therapeutic approaches for 

the treatment of tinnitus



The future of tinnitus therapy

• New treatments will be based on activation of modulatory pathways

• Will seek to restore balance in levels of activation among modulatory 
pathways

• Will Multidisciplinary team-based approach that treats tinnitus and/or 
its comorbidities

• Will use new patterns of stimulation (electrical and acoustic that 
simulate activation of modulatory pathways and/or reset the pattern 
and level of activity in the tinnitus generator sites

• Will increase emphasis on the psychological aspect of tinnitus with 
focus on attentional, mood, and emotional reconditioning


