Stress and Glucocorticoid Action
in the Brain and Ear: Implications
for Tinnitus
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2.1 Introduction

The stress response is nature’s tool to facilitate coping and adaptation. However,
coping may fail if information is inadequate to predict outcome. Such a lack of
control causes feelings of uncertainty and fear, which—if persistent—is damaging
to health. The stress response is also activated during adverse conditions such as
loud noise, infection, or inflammation that may cause tinnitus.

Tinnitus may be the consequence of damage to an auditory system that is insuf-
ficiently protected to unwanted stress reactions. Alternatively, tinnitus also is the
cause of a prolonged state of emotional distress which in itself may aggravate the
tinnitus percept (Mazurek et al. 2012). Moreover, lack of control over tinnitus may
compromise adequate processing of stressful information and precipitate stress-
related pathology. It is therefore of great interest that recent fMRI studies revealed
a different processing of emotionally loaded acoustic information in the limbic sys-
tem of the tinnitus patient (Georgiewa et al. 2016). The studies suggested a func-
tional tinnitus neuronal network that may underlie the cortisol hyporesponsiveness
to a severe psychosocial stressor (Hebert and Lupien 2007).

Tinnitus is aggravated by excessive stress reactions.
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In this chapter we will focus on cortisol—the principal glucocorticoid hormone
of man—and its hypothetical role in generation and/or aggravation of tinnitus.
Cortisol is secreted by the adrenal cortex as end product of the hypothalamic-
pituitary-adrenal (HPA) axis, which mediates the endocrine stress response. We
start with the common concepts of stress, homeostasis/allostasis, and allostatic load.
Next, we will discuss the functioning of the HPA axis and the cortisol under basal
and stressful conditions. Cortisol action in the brain is mediated by mineralocorti-
coid receptors (MR) and glucocorticoid receptors (GR), which operate in a comple-
mentary manner in processing of stressful information (de Kloet 2014; de Kloet
et al. 2005). This implies that also the auditory system is a target of cortisol for
better or worse (Kil and Kalinec 2013; Mazurek et al. 2012; Trune and Canlon
2012). Chapter 2 is concluded by asking the question if and how corticosteroids
acting through MR and GR expressed in the inner ear, the cochlear neuronal net-
work, and the auditory-limbic system are implicated in tinnitus.

2.2 The Concept Stress, Allostasis, and the Allostatic Load

The term “stress” was coined by the Austrian-Canadian endocrinologist of Hungarian
origin—J4dnos Hugo Bruno Selye (also known as Hans Selye)—in 1936. Using this
term, Selye wanted to describe the “strain or tension” that is building up in the body
and brain if the individual is faced with a threat. This state of stress evoked by the
stressor is defined as any stimulus that causes on the organismic level a threat to the
individuals’ psychological and physiological integrity and disrupts cellular homeo-
stasis. The stress response is the array of physiological and behavioral responses
aimed to restore homeostasis and integrity. Homeostasis refers to the stability of the
“milieu intérieur” (Claude Bernard), e.g., electrolyte concentrations and body tem-
perature that need to be indispensably maintained within narrow limits.

Stress is a state of nonspecific tension in living matter, which manifests itself
by tangible morphologic changes in various organs and particularly in the
endocrine glands which are under anterior pituitary control (Selye 1936).

The stress concept was initially based on a stimulus-response paradigm. Thus, the
experimenter applies a physical stressor (pain, blood loss, ether vapor) and measures
the subsequent response. By doing so, Selye highlighted stress as “the syndrome of
being sick,” which actually captures a state induced by an array of psychological and
physical stress reactions. Selye also distinguished three phases upon chronic exposure
to a stressor: initial alarm, then resistance, and finally an exhaustion phase, the latter
occurring only after several weeks (Selye 1952). This “general adaptation syndrome”
had as hallmarks enlarged adrenals, increased vulnerability to infection, and stomach
ulcers (both being a consequence of immune resistance being reduced by cortisol) and
is considered to be fundamental for pathogenesis of stress-related diseases.
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The stress concept developed further with the notion that it is not so much what
happens to the individual but rather how the experience is taken or—more impor-
tantly—whether coping is successful (Lazarus 2006; McEwen 2007). Coping
depends on personality, past experience, controllability (available options), and
available information to predict outcome of an action. Self-esteem is important
but also social support, sense of safety, and hierarchical position. Accordingly,
coping with stress is characterized by a striking difference between individuals.
Today’s challenge is to identify neuropsychological and biological determinants
that could be used for prediction of how given individual will cope in a certain
situation.

Since all physical stressors have a psychological component, this has led some
researchers to restrict the definition of stress to the ability to cope. Coping depends
on the sense of control and predictability of a given situation. Accordingly, stress
should be restricted to conditions where an environmental demand exceeds the reg-
ulatory and adaptive capacity of an organism, in particular, in case of unpredictabil-
ity and uncontrollability (Koolhaas et al. 2011). Hence, the most severe stressful
condition is no information, no control, and no clue to predict upcoming events and
a fearful feeling of uncertainty. This implies that appraisal and anticipation of an
either real or imagined situation is in fact the most important determinant of a stress-
ful experience. Appraisal refers to cognitive processes regulated by circuits in the
limbic brain (Hermans et al. 2014; Vogel et al. 2016).

The most severe stressful condition includes:

* No information
* No control
* No clue to predict upcoming events

and is characterized by a fearful feeling of uncertainty

To capture this state of readiness in the face of a presumed threat, the concept of
allostasis was introduced (Sterling and Eyer 1988, 2012). It is not an easy concept
primarily because of the variable definitions that are exercised in the literature.
McEwen and Wingfield (McEwen and Wingfield 2010) state that allostasis is the
“process of achieving stability or homeostasis through physiological and behavioral
change,” although this viewpoint was also challenged by Day (2005) with the opin-
ion that the stress concept would already sufficiently cover allostasis. In our view,
allostasis describes a labile equilibrium characterized by structural and functional
changes in neuronal networks in anticipation of upcoming events as opposed the
homeostatic stable equilibrium as in the maintenance of the Na/K balance within
narrow limits. The cost of allostasis through energy-consuming adaptations is called
allostatic load (McEwen and Gianaros 2011).
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Seymour Levine, American psychologist and one of the pioneers of stress
research, weary of the endless discussion regarding the question “What is stress?”
turned to use an operational definition:

Stress is defined as a composite multidimensional construct in which three components
interact: (1) the input, when a stimulus, the stressor, is perceived and appraised, (2) the
processing of stressful information, and (3) the output, or stress response. The three com-
ponents interact via complex self-regulating feedback loops with the goal to restore homeo-
stasis through behavioral and physiological adaptations. (Levine 2005)

Allostasis describes a “labile” equilibrium characterized by variable set
points and changes in neuronal network structure and function (comparable
with a juggler who keeps a dinner plate in delicate balance on top of a pointer).

2.3  Mediators of the Stress Response

The principal mediators of the stress response are the HPA axis and the sympathetic
nervous system. The latter’s workhorses are noradrenaline and adrenaline that evoke
centrally a state of arousal, alertness, and vigilance and peripherally the well-known
symptoms of the immediate action to deal with imminent danger, i.e., increased
heart rate, elevated blood pressure, goose bumps, dry mouth, and suppression of
unnecessary reproductive, consummatory, and digestive activities, all in support of
Cannon’s “fight or flight” reaction (Cannon 1939). In behavioral realm, this imme-
diate coping repertoire was extended with “fright” or “freeze,” which is the immo-
bile position the individual assumes in the hope of not to be discovered. The
catecholamines make energy substrates available for the subsequent initial defense
reactions.

Slower in response is the HPA axis and its adrenal corticosteroid end products.
The central conductor of the stress response is located in the parvocellular neurons
of the paraventricular nucleus (PVN) in the hypothalamus. The PVN is under con-
trol of ascending aminergic neurons originating from the locus coeruleus (A6) and
the nucleus tractus solitarii (A2) that mediate the effect of physical stressors.
Psychological stressors are processed in higher brain regions and reach via multiple
transsynaptic and inhibitory GABA-ergic network surrounding the PVN (Herman
2013; Herman et al. 2003). The hippocampus has an excitatory input to this net-
work, which implies that stimulation of the hippocampus results in inhibition of the
PVN. The amygdala input is inhibitory causing an outcome inhibition of the inhibi-
tory network and thus excitation of the PVN.

The PVN synthetizes besides CRH also vasopressin, which after release during
stress in the portal vessels potentiates CRH action on the pituitary level. CRH is
responsible for the synthesis of the pro-opiomelanocortin (POMC) precursor of
lipotropin (precursor of f-endorphin) and adrenocorticotropin (ACTH), while vaso-
pressin makes intracellular calcium available to enhance in synergy with CRH the
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release of ACTH. At the level of the adrenal zona reticularis, the synthesis of corti-
costeroids from cholesterol is initiated causing with some delay the secretion of
corticosteroids. The principal corticosteroid of man is cortisol which is secreted in
tenfold excess over corticosterone. Rodents lack 11p-hydroxylase and secrete only
corticosterone. ACTH also stimulates the growth of the adrenal cortex.

Corticosteroids act back on the body and brain, primarily to contain the initial
stress reaction. Presence of corticosteroids suppresses the immune response to infec-
tion and the inflammatory reactions to tissue damage. As a result, bacterial and viral
infections are not being well controlled by the immune surveillance, and the individu-
als exposed to chronic stress are more susceptible to infectious diseases. Also in the
brain the corticosteroids act back on circuits that were initially involved in processing
of stressful information. In principle, the corticosteroids act to contain initial defense
(stress) reactions which are essential, but that become damaging if they are overshoot-
ing. Marius Tausk, who in the years 1927-1968 acted as a director of the pharmaceuti-
cal company Organon, used a metaphor: “glucocorticoids limit the water damage
caused by the fire brigade” to explain why exogenous glucocorticoids are indicated
where the endogenous cortisol is insufficient to contain inflammatory or immune dis-
orders (de Kloet et al. 1998, 2005; Munck et al. 1984; Sapolsky et al. 2000).

Corticosteroid prevents initial stress reactions (e.g., autonomic, immune,
inflammatory, metabolic, neurochemical/physiological) from overshooting
and becoming damaging themselves.

Corticosteroids act on immune regulation, the gut microbiome-brain axis, the
autonomic nervous system, the renin-angiotensin-aldosterone system (RAAS), and
the energy metabolism axis (Dallman 2010). The action of corticosteroids is there-
fore extremely diverse. For an endocrinologist this may perhaps be not surprising
because the task of these hormones is primarily to coordinate and to synchronize
these diverse body and brain functions with the goal to promote coping with the
stressor. The energy network in the brain largely overlaps with the stress responsive
network, as demonstrated by fMRI studies. Corticosteroids are often indicated as
glucocorticoids for their activation of gluconeogenesis by breaking down proteins
and fatty acids in times of emergency to provide energy substrates. Hence, during
episodes of hunger and excessive exercise, corticosteroids are mobilized: the hor-
mones coordinate appetite and food intake with energy disposition and allocation
(Dallman and Hellhammer 2011). ACTH also can promote the secretion of aldoste-
rone from the adrenal zona glomerulosa showing how volume depletion and hemor-
rhage enhance both stress responses (Funder 2015; Jaisser and Farman 2016).

Corticosteroids act on immune regulation, the gut microbiome-brain axis, the
autonomic nervous system, the renin-angiotensin-aldosterone system (RAAS),
and the energy metabolism axis.
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2.4  Pulsatility of the HPA Axis

The HPA axis has two modes of operation: the axis mediates the response to stress
and coordinates the circadian activities related to, e.g., feeding, drinking, and sleep-
related events. For this purpose the corticosteroids are secreted in pulsatile fashion
(Lightman and Conway-Campbell 2010).

Biological rhythms:

CIRCADIAN—rhythm of about 24 hours

DIURNAL—24 hour rhythm pertained to daylight

ULTRADIAN—rhythm with periods shorter than the 24 h circadian cycle
INFRADIAN—rhythm with periods longer than the 24 h circadian cycle

About every hour cortisol and corticosterone are secreted in bursts with largest
amplitude around the time physical activity starts. Thus in man the highest secretory
pulse is around awakening in the morning: the cortisol awakening response. In
rodents which are nighttime animals, corticosterone is highest at the beginning of
the dark period. This pattern of corticosteroid pulses shows therefore a characteris-
tic circadian variation with a peak at the beginning and a trough at the end of the
activity period. In fact, high corticosteroid concentrations prevent the onset of slow
wave sleep (Groch et al. 2013). The networks involved in sleep-wake overlap partly
with energy and stress networks (e.g., orexin) and are targets for corticosteroids
(Dallman and Hellhammer 2011).

Ultradian rhythmicity regulates tissue responsiveness to stress-induced corti-
costeroid action.

The hourly ultradian cycles can vary in amplitude, frequency, and organization.
For instance, depression is characterized by a larger cortisol amplitude particularly
at nighttime, a phenomenon that contributes to the disturbance in sleep hygiene
(Groch et al. 2013). Inflammatory disorders display a higher ultradian frequency,
and with aging, the pulses diminish in amplitude and become disorganized. In fact,
ultradian rhythmicity provides a mechanism to maintain responsiveness of tissues
and cells to corticosteroids. Indeed enhanced corticosteroid responsiveness was
demonstrated when the effect of pulsatile vs constant exposure to corticosteroids
was compared: responsiveness diminished in flattened circulating corticosteroid
patterns (Sarabdjitsingh et al. 2010b). Such flattened patterns occur with corticoste-
roid replacement therapy in case of adrenal insufficiency or during pharmacother-
apy with synthetic glucocorticoids (de Kloet 2014).

Stress-induced corticosteroid secretion can occur anytime during the ultradian
rhythm of the hormone. If in adrenalectomized animals an hourly pulsatile rhythm
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was mimicked with corticosterone infusion, a stressful challenge triggered a much
more profound corticosterone secretion at the ascending rather than the descending
arm of the pulse (Sarabdjitsingh et al. 2010a). The dynamics of circulating cortico-
steroid concentrations clearly demonstrate that for the assessment of HPA axis
activity only patterns matter. Single-point measurements of the hormone in either
saliva or blood are useless because of the ultradian variations and stressful influ-
ences that often may occur.

2.5 Access of Corticosteroids to Brain Targets

Multidrug resistance P glycoprotein (Pgp or MDR1) is a cell membrane protein
that pumps various substances from the cell to the extracellular environment.
Because of its activity, Pgp is a barrier to exogenous substances. Synthetic gluco-
corticoids such as dexamethasone are recognized by Pgp as substrates and are
removed from the cells (de Kloet 1997; Meijer et al. 1998). This has been elegantly
demonstrated in vitro. That dexamethasone is a substrate for Pgp can also be dem-
onstrated in vivo using Pgp knockout mice. Upon administration of *H-labeled
dexamethasone or *H prednisone (Karssen et al. 2002) to these mutants, the radio-
active steroids were demonstrated to accumulate in the typical target sites: hippo-
campus, PVN, and biogenic amine neurons. Surprisingly, the *H-labeled cortisol
that is also not retained in wildtype mice with the proper activity of Pgp pump
shows profound retention in the Pgp knockouts (Karssen et al. 2001). Hence, cor-
ticosterone seems the only steroids that readily penetrate the mouse brain, since
also the penetration of aldosterone is hampered. This remarkable dichotomy
between cortisol and corticosterone is maintained in people. While in the blood,
the ratio cortisol/corticosterone is 10:1, this ratio is decreased to 10:4 in the cere-
brospinal fluid (Karssen et al. 2005).

The access of corticosteroids to its brain receptors is regulated by
P-glycoprotein transporters in the blood-brain barrier and by an intracellu-
lar oxidoreductase.

There is an additional, intracellular mechanism that determines access of corticos-
terone, cortisol, and aldosterone to the nucleus and finally to the genome. The enzyme
11-p-hydroxysteroid dehydrogenase type 2 (HSD-2) is an oxidase that specifically
inactivates cortisol and corticosterone, but not aldosterone. HSD-2 acts as gatekeeper
blocking access of the naturally occurring glucocorticoids but allowing binding of
bioactive aldosterone to the mineralocorticoid receptors (MR) and the genome
(Edwards et al. 1988; Funder et al. 1988). In adult rodent brain, the expression of
HSD-2 is discrete and restricted to some periventricular tissues where aldosterone
activates circuits involved in salt appetite. Remarkably, also the solitary nucleus
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(NTS) near the area postrema expresses abundantly HSD-2. This group of cells has
projections innervating the forebrain and provides the limbic-forebrain circuits with
an aldosterone-selective mechanism which have been postulated to underlie salt
appetite and preference and harbors vital cognitive functions to store spatial informa-
tion on salt resources (Geerling and Loewy 2009). The HSD-1 isoform is a reductase
widely present in the brain and has the capacity (e.g., in the liver) to regenerate bioac-
tive cortisol and corticosterone. Inhibitors to the HSD-1 isoform were developed as
a strategy to limit overexposure to corticosteroids (Chapman et al. 2013).

The Fukushima disaster from 2011 has significantly increased the incidence
of tinnitus and Méniere syndrome in the local population.

Both HSD proteins have been found in the inner ear: HSD-2 was found in the
endolymphatic sac of the inner ear of rodents (Akiyama et al. 2010), whereas HSD-1
was identified in the stria vascularis and in the outer and inner auditory hair cells
(Terakado et al. 2011). Endolymphatic sac is responsible for the resorption, transport,
and recirculation of ions in the entire inner ear, i.e., in the cochlea and in the vestibular
system. It is believed that individuals diagnosed with the Méniere syndrome have
occasionally increased hydraulic pressure within the inner ear endolymphatic system
often attributed to the hyperactivity of the endolymphatic sac. This hyperactivity
induces a triad of symptoms: vertigo, hearing loss, and tinnitus. Interestingly,
patients with Méniere syndrome often report having an attack after being exposed to
emotional stress. In the inner ear, upon stress-induced overproduction of cortisol, the
decreased activity of HSD-2 or the increased activity of HSD-1 could lead to upregu-
lated infiltration of cortisol, decreased accessibility of aldosterone, and dysregulation
of ion dynamics that are responsible for the attacks. Unfortunately, no study addressed
this issue in people yet, as only a postmortem study could answer open questions.
Recently published systematic review revealed two facts: the first one was confirma-
tion of the association between Meniere syndrome and posttraumatic stress disorder
and health anxiety, whereas the second was a need for large, properly designed and
conducted epidemiological studies (Kirby and Yardley 2008). Recent study investi-
gating the incidence of otological conditions following the disaster in Fukushima
(earthquake and subsequent nuclear accident) in the local Fukushima population dem-
onstrated significant increase in the number of new cases of Méniere syndrome and
also of tinnitus coinciding with an increased number of comorbid mental stress-related
conditions, such as depression or anxiety (Hasegawa et al. 2015).

2.6 Corticosteroid Receptors

In 1968 Bruce McEwen made a landmark discovery (McEwen et al. 1968, 2015).
He discovered that *H-corticosterone given to adrenalectomized animals was not
retained as expected in the hypophysiotropic region in the hypothalamus but in the
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hippocampus. In subsequent studies, de Kloet et al. (1975) discovered that the
potent synthetic glucocorticoid dexamethasone was not retained by these receptors
and also did not compete for *H-corticosterone or *H-aldosterone retention, suggest-
ing the presence of two distinct receptor populations for corticosteroids. The pattern
of *H-aldosterone retention appeared to match localization of HSD-2, particularly in
NTS (Geerling and Loewy 2009).

In the mid-1980s, the existence of two types of receptors for corticosteroids in
the brain was demonstrated. The receptors were cloned and identified as the miner-
alocorticoid receptors (MR) and glucocorticoid receptors (GR) (Evans and Arriza
1989). Around the same time, Reul and de Kloet (1985) demonstrated with binding
studies that the rat hippocampus contained two receptor populations that did bind
corticosterone with different affinity. The high affinity binding sites were desig-
nated type 1 receptors and later MR, the lower affinity sites—type 2 receptors—and
later GR. Since in rodents and humans the principal corticosteroid (corticosterone
and cortisol, respectively) circulates in a 100-1000-fold excess over aldosterone,
these steroids are the predominant MR ligands in vivo. MR is abundantly expressed
in limbic brain structures, e.g., hippocampus, lateral septum, and amygdala. GR
binds cortisol and corticosterone with a tenfold lower affinity than MR and is widely
distributed in neurons and glial cells with highest expression in PVN, limbic struc-
tures, and neocortical regions (de Kloet et al. 1998, 2005; de Kloet 1991).

The presence of MR and GR was demonstrated in the inner ear and a very dis-
tinct expression pattern of the receptors was shown (Fig. 2.1). Stria vascularis con-
tains predominantly MR, which is in agreement with its function, namely, recycling
and regulating K+ (and Na+). The spiral ganglion neurons contain predominantly
GR, whereas the rest of the cells in the cochlea (auditory hair cells, supporting cells,
fibrocytes, interdigital cells, and spiral limbus cells) contains both—MR and GR
(Basappa et al. 2012).

The implication of the difference in affinity of the MR and GR for corticosterone
and cortisol is differential occupation of these two receptor types during circadian
variation and after stress. This differential activation of MR and GR as a function of
circulating steroid concentration provided for over 30 years the experimental basis
for research on neuronal networks underlying stress coping, behavioral adaptation,
and energy metabolism (Dallman 2010; de Kloet 1991, 2014, 2016; de Kloet and
Reul 1987; Lupien et al. 2009; McEwen et al. 2015).

Since MR and GR are transcription factors regulating gene expression, they are
expected to interact with the genome upon binding their ligand. Using chromatin
immunoprecipitation (ChIP) followed by a deep sequencing (ChIP seq), Nicole
Datson and Annelies Polman have made a complete inventory of all genomic bind-
ing sites for MR and GR in the hippocampal genome (Polman et al. 2013). They
observed that 40% of the GR binding sites are within the genes. The experiment
involved adrenalectomized animals injected with increasing doses of corticoste-
rone. Also on the genomic level, two populations of genome binding sites for MR
and GR were found. Already at a low dose, MR/corticosterone complex associated
with DNA and this binding remained relatively constant up to 3 mg of administered
corticosterone. GR did bind only at higher doses of corticosterone to DNA binding
sites, thus reflecting the differential binding of MR and GR to corticosterone.
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Fig.2.1 Distribution of MR and GR in the cochlear tissues. OHC outer hair cells, JHC inner hair
cells, DC Deiters cells, IP inner pillar cells, OP outer pillar cells, HC Hensen cells, SV stria vascu-
laris, SL spiral ligament, SLi spiral limbus, ISC inner sulcus cells, OSC outer sulcus cells, SGN
spiral ganglion neurons, SP spiral prominence, PC pillar cells (From Kil and Kalinec 2013,
Reprinted with permission) (Kil and Kalinec 2013)

Binding of mineralocorticoid receptors (MR) and glucocorticoid receptors
(GR) with differential affinity to endogenous corticosteroids enables distinct
responses during circadian cycle and after stress.

Moreover, using a neurophysiological approach Marian Jo€ls and Henk Karst
discovered as yet another surprise hidden in corticosteroid receptorology. They
demonstrated that pyramidal and dentate gyrus neurons of the hippocampus and
neurons of basolateral amygdala harbored an MR variant that responded rapidly to
corticosterone, cortisol, and aldosterone (Joels and Baram 2009; Joels and de Kloet
2012; Karst et al. 2005). This membrane MR was deleted in the MR knock animals,
and the signal was maintained when the steroids were applied when penetration in
the cell was prevented because of coupling of the ligand to bovine serum albumin.
Activation of the receptor caused within minutes increased excitatory postsynaptic
potentials (EPSP) indicating a rapidly enhanced release of the excitatory transmitter
glutamate.



2 Stress and Glucocorticoid Action in the Brain and Ear: Implications for Tinnitus 17

The membrane MR-mediated action depended on an ERKI1/2 pathway
(Oljjslagers et al. 2008). Simultaneous with MR-induced glutamate release, the
voltage dependent I(A) K current at the postsynaptic membrane was decreased.
Moreover, probably as a result of increased synaptic release of glutamate, the pre-
synaptic mGLU?2/3 receptor was downregulated (Nasca et al. 2015). Also GR
appeared to entertain a lower affinity GR membrane variant that mediated the
release of cannabinoids for transsynaptic inhibitory action on the presynaptic
release of glutamate (Di et al. 2003).

2.7 Behavioral and Neuroendocrine Feedback
Action of Corticosteroids in the Brain

Corticosteroids secreted by the adrenals after stress exert a negative feedback action
to suppress the enhanced HPA axis activity (Fig. 2.2). This phenomenon was dem-
onstrated by a classical endocrine experiment in 1938 by Dwight Ingle (see Raff
2005). He was the first to show that ACTH was needed for adrenal growth and ste-
roid secretion by administering the peptide to hypophysectomized animals. Next,
Ingle showed that corticosterone given to the ACTH-treated animal did not affect
adrenal weight while it suppressed adrenal weight in the intact animal. Hence, cor-
ticosterone exerted in high doses pituitary feedback on ACTH release.
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Subsequent research demonstrated different levels of corticosteroid feedback
operation. The first level is on the anterior pituitary level—as noted by Ingle—and
mediated by GR expressed in the corticotrophs. This feedback site responds to
potent synthetic glucocorticoid such as dexamethasone and very high levels of
endogenous cortisol and corticosterone (de Kloet et al. 1974). The onset of suppres-
sion occurs with a delay of 30 min, and in case of dexamethasone, the suppression
may last several hours, even more than 12 h as used in the dexamethasone suppres-
sion test with or without CRH (see Box 2.1). The rise and fall of the dexamethasone
suppression test in endocrine psychiatry is wonderfully described in “The riddle of
Melancholia” (Shorter and Fink 2010).

Box 2.1

Dexamethasone suppression test (DST): A low dose of dexamethasone is
administered at 11.00 pm and plasma cortisol levels are measured the next
morning at 9.00 am. In a hyperactive HPA axis—as occurs in depression—
cortisol will escape from dexamethasone suppression at that time (Carroll
et al. 1976).

Combined dexamethasone-CRH test: dexamethasone is administered at
11.00 pm, but in addition the next afternoon, CRH is administered, and
plasma cortisol levels are measured at 15, 30, and 45 min post CRH (Heuser
et al. 1994).

The second level is at higher brain regions harboring circuits that process stress-
ful information and that communicate transsynaptically with the GABA-ergic net-
work surrounding the PVN. The steroid feedback is complex in these circuits and
operates over different time domains depending on the nature and severity of the
psychological stressor. The coordinate action exerted by corticosteroids via mem-
brane and genomic MR and GR adds to this complexity (Dallman and Hellhammer
2011; de Kloet 2014).

Figure 2.3 shows the role of MR and GR in processing of stressful information
in the limbic brain with the goal to support coping and adaptation. Corticosteroids
affect virtually every step from detection and perception of a salient event triggering
emotional arousal and appraisal processes until coping, adaptation, and memory
storage of the experience to be prepared if a similar encounter occurs in the future.
Thus, first corticosteroids affect the detection threshold and perception of auditory
information. Lack of steroids was found to enhance detection at the expense of per-
ceiving the significance of the acoustic signal (Henkin and Daly 1968). Next,
arousal is triggered (Pfaff et al. 2007) and is necessary for the limbic structures to
function optimally in assessment of the valence of a novel experience and selection
of an appropriate coping style.
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Using a large variety of behavioral tests, Melly Oitzl et al. (Oitzl et al. 2010;
Oitzl and de Kloet 1992) have carefully dissected the role of MR and GR during
stress coping and adaptation. Thus, corticosteroid appeared to rapidly promote
appraisal processes of newly acquired information, retrieval of contextual informa-
tion, and selection of an appropriate coping style. Since these MR-mediated actions
proceed rapidly, they most likely are exerted by the membrane receptor variant
regulating excitatory transmission; GR becomes activated only with high amount of
corticosteroids induced by stress. GR activation is important for restoring cellular
homeostasis and promoting allostatic processes, behavioral adaptation, and mem-
ory storage of the experience and coping style. By doing so the input from higher
brain regions subsides resulting in attenuation and at last termination of stress-
induced HPA axis activity because of adaptation (Box 2.2 and Fig. 2.3).

Box 2.2

e Limbic genomic MR regulates increases of the excitability of the hippo-
campus and its afferents to, e.g., the mesolimbic dopaminergic reward
system.

e Limbic membrane MR is involved in encoding and retrieval of information
important for appraisal processes and selection of a coping response.

e Genomic and membrane GR enhance allostatic processes, facilitate behav-
ioral adaptation, and promote memory storage of the experience.

e These actions mediated by MR and GR are complementary in detection,
perception, and processing of sensory (e.g., auditory) information.
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2.8 Role of MR and GR in Coping with Stress

Firstly, MR activation directs coping style. Lars Schwabe et al. (2010a) demon-
strated that exposure to a stressful situation switches the coping style. Under resting
conditions the rodent uses multiple cues in order to memorize the location of a food
resource. If exposed to stress, the animal switches rapidly to a simpler stimulus
response. In rodents the pathway activated chronically by a stressor switches from
hippocampus toward the dorsal striatum supporting habit-like behavior (Dias-
Ferreira et al. 2009). The phenomenon is also observed in humans: with fMRI it was
shown that during stress the amygdala-hippocampus pathway rapidly switched to
the amygdala-striatum connectivity (Schwabe et al. 2013; Vogel et al. 2015, 2016).

The switch from hippocampus to striatum was observed in males. If the same
experiments were performed in females, the opposite results were obtained. Females
under resting conditions were rather poor in spatial performance as compared to
their male counterparts. Under stress the situation was reversed, females performed
better, and these differences were eliminated in the MR forebrain knockout mice
(ter Horst et al. 2012). Thus, context and sex determine the outcome of the
MR-mediated functions in coping with stress. Anti-mineralocorticoids blocked the
switch from hippocampus to striatum in rodents and man (Schwabe et al. 2010b,
2013; Vogel et al. 2015, 2016). Moreover, active vs passive coping style in mouse
and rat lines correlates with MR expression in the hippocampus (Cabib and Puglisi-
Allegra 2012; Veenema et al. 2003).

Secondly, GR activation promotes adaptation and memory storage. It appeared
that GR-mediated effects on memory storage required the presence of noradrenaline
(Joels et al. 2012; Roozendaal and McGaugh 2011). For this purpose GR mediates
a plethora of activating and suppressive actions in discrete brain regions. Thus, in
the CRH neurons of the amygdala GR stimulates the synthesis and release of CRH,
while the reverse occurs in the PVN (Zalachoras et al. 2016). In the amygdala, GR
promotes and extends MR-mediated glutamatergic excitation (Karst et al. 2010). In
the hippocampal pyramidal neurons, MR enhances excitability, which is subse-
quently suppressed by subsequent stimulation of GR by higher concentrations of
corticosteroids (Joels and de Kloet 1989, 1990, 1992). In addition multiple neuro-
peptide systems (oxytocin, vasopressin) are activated by stress which exert in spe-
cific behavioral domains their context-dependent effects on processes modulating
the stress response. For instance, oxytocin stimulates bonding and social support,
which facilitates coping with a stressful situation (Barrett et al. 2015; Young 2015).

Third, the limbic MR is important for the tone of the HPA axis and sympathetic
nervous system. For instance, the higher the hippocampal MR expression, the lower
the basal pulsatile and stress-induced HPA axis activation, and thus the average
amount of corticosteroids secreted over 24 h is decreased. Under MR antagonists
applied intracerebroventricularly enhance basal and stress-induced HPA axis activ-
ity (Ratka et al. 1989) and act as an anxiolytic (Korte et al. 1995) and anti-aggressive
(Kruk et al. 2013) agent. MR antagonists also decrease the blood pressure response
to a stressor (van den Berg et al. 1990). This effect mediated by MR appeared to
depend on the condition of 30 min warming the animal which is needed to do a
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proper tail sphygmographic measurement of the blood pressure. Using this warm-
ing/stress condition of the indirect tail cuff method, the direct telemetric recording
revealed that MR antagonist blocked autonomic outflow and, interestingly, now
suppressed the stress-induced HPA axis response (de Kloet et al. 2000; Van den
Berg et al. 1994).

Collectively, these observations have led to the formulation of the corticosteroid
receptor balance hypothesis:

Upon imbalance in MR: GR-regulated limbic -cortical signaling pathways, the initiation
and/or management of the stress response is compromised. At a certain threshold this may
lead to a condition of HPA axis dysregulation and impaired behavioral adaptation, which
can enhance susceptibility to stress-related neurodegeneration and mental disorders. (de
Kloet 2014, 2016; de Kloet et al. 1991, 1998, 2005, 2016; de Kloet and Molendijk 2016;
Holsboer 2000)

29 MR:GR Balance: Genetics

Genetic variants of MR, GR, and their regulatory proteins such as, e.g., FKBPS,
have been identified that appeared associated with HPA axis regulation, emotional
expressions, and cognitive performance. Genetic variation may alter control in the
promotor and translation region and result in an altered primary structure. The GR
variant N363S was found hypersensitive to cortisol and associated with an unhealthy
metabolic profile, while E22/23EK is linked to steroid resistance and enhanced risk
of depression. The Bcl-1 polymorphism predicts cardiovascular risk and contributes
to individual differences in emotional and traumatic memories as well as PTSD
symptoms after intensive care treatment (Quax et al. 2013).

In the MR gene, the rs5522 (minor allele frequency 12%) is an A/G SNP located
in exon 2, which causes an amino acid change (I180V) in the N-terminal domain of
the protein. Roel de Rijk discovered that this G-allele is a loss of function variant as
shown by a reduced transactivation capacity in vitro (DeRijk et al. 2006). These
G-allele carriers showed increased HPA axis and autonomic reactivity in response
to psychological stressors. Moreover, Bogdan reported an association of MR gene
variation with depressive symptoms and deficits in reward-motivated learning
induced by stress and heightened stress-induced amygdala activity (Bogdan et al.
2010, 2012). Interestingly, the same G-allele is with a high odd ratio considered a
risk factor in reverse remodeling in heart failure patients undergoing cardiac resyn-
chronization therapy (De Maria et al. 2012).

Another MR SNP, 152070951 (C/G), minor allele frequency 49.3%, is located 2
nucleotides before the translation start site. The G-allele produces less MR in vitro
and is associated with increased renin and aldosterone and elevated blood pressure
(van Leeuwen et al. 2010).

The rs5522 and rs2070951 are in linkage disequilibrium, and if merged, three
common haplotypes can be identified. Haplotype (hap) 2 (CA, frequency 35%) is a
gain of function variant as was shown from the increased transactivation capacity
and increased translation of MR protein in vitro, while hap 4 (GG) is very rare and
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produces strongly reduced MR activity as compared to hap 1 (GA, frequency 49%)
and hap 3 (CG, frequency 12%) (Hamstra et al. 2015; van Leeuwen et al. 2011).

Carriers of a “gain of function” MR C/A haplotype display dispositional opti-
mism and effective coping styles and are protected from depression.

Hap 2 carriers had lower scores on the Trier Inventory for Chronic Stress
(TICS) subscales “excessive demands at work™ and “social overload.” In females,
hap 2 appeared associated with dispositional optimism, optimistic risk decision-
making in gambling tests, less rumination, and less feelings of hopelessness.
GAIN cohort study (N = 3600) has demonstrated that hap 2 carriers are protected
from depression (Hamstra et al. 2015; Joels et al. 2008; Klok et al. 2011). Further,
this haplotype moderates the effect of childhood maltreatment and depressive
symptoms in a population-based cohort (N = 665) and an independent clinical
cohort from the Netherlands Study of Depression and Anxiety (NESDA, N = 1639)
(Vinkers et al. 2015).

2.10 MR/GR Balance: Phenotype

Selye showed that a relative excess of mineralocorticoids was pro-inflammatory,
while excess of glucocorticoids increased the risk for infection and expressed this
view in the pendulum hypothesis. The balance hypothesis, however, is based on one
single corticosteroid hormone which maintains homeostasis via two distinct and
co-localized receptor types that carry the pharmacological activity of Selye’s two
hormones: the MR and GR (de Kloet 1991). As was pointed previously, the MR in
the brain, heart, and fat cells binds cortisol and corticosterone rather than aldoste-
rone and does so with a tenfold higher affinity than GR.

Over the past 30 years, the MR/GR balance has been challenged using endo-
crine, pharmacological, and genetic approaches. The outcome of these challenges
was measured on the molecular levels using genomic approaches and on the cellular
level with neuroanatomical and electrophysiological techniques, and behavioral and
physiological responses were recorded in a great variety of paradigms (de Kloet
2014, de Kloet and Joels 2016; de Kloet and Molendijk 2016; de Kloet et al. 2016;
Joels et al. 2012).

Below are some general characteristics of MR/GR imbalance:

Genetically selected rat or mouse lines or strains that display overexpression of
MR have a reduced HPA axis tone as expressed by lower basal and stress-induced
levels of corticosterone (Harris et al. 2013; Veenema et al. 2003). The male ani-
mals have an active coping style if dealing with an inescapable stressor, a high
sympathetic tone and reduced SHT function (Veenema et al. 2003). They show
less anxiety in the home environment and improved cognitive performance in
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maze learning and fear-motivated tasks. Their behavior once learned perseverates.
This phenotype is mimicked in mice with forebrain MR overexpression, particu-
larly in the face of reduced GR. It seems as if limbic overexpression of the MR
facilitates during stress the switch from costly time-consuming declarative hip-
pocampal learning and memory processes to a rapid and effective striatal habit
performance as coping style. However, these dominant high MR expressing ani-
mals become prone to anxiety in novel situations where they have lost control (de
Kloet et al. 2016).

Increased MR function in the hippocampus is protective to stress under condi-
tions of high controllability and readily shifts coping from a time- and energy-
consuming declarative hippocampal to a more direct striatal habit style.

Exposure to chronic stress decreases the expression of hippocampal MR. Likewise
rats or mice exposed to adverse early life conditions have at later life reduced
MR. Reduced hippocampal MR expression is observed at senescence and is a char-
acteristic of the depressed patient’s hippocampus measured postmortem.
Antidepressants increase the synthesis of hippocampal MR. Rats with viral overex-
pression of MR in the dentate gyrus showed improved short-term memory and were
protected against the impairing effect of 3 weeks of corticosterone in a nonspatial
object recognition paradigm (Ferguson and Sapolsky 2007). In mutant mice, fore-
brain MR overexpression restored impaired learning induced by chronic stress but
only in a low arousing task. This behavioral change in the MR overexpression mice
was paralleled by a normalization of hippocampal dentate gyrus function (Kanatsou
et al. 2015).

That chronic stress affects the hippocampus is obvious from the profound neuro-
anatomical changes: the CA3 pyramidal neurons atrophy and dentate gyrus neuro-
genesis is reduced (McEwen 2016). Using microarrays it was found that the widely
diverse gene patterns were reduced to only a few pathways that regulate chromatin
organization, epigenetics, apoptosis, and inflammatory responses in the dentate
gyrus. One highly responsive gene network revealed by this procedure is the mam-
malian target of rapamycin (mTOR) signaling pathway which is critical for differ-
ent forms of synaptic plasticity and appears associated with depression (Datson
et al. 2013; Polman et al. 2012).

2.11 Implications for Tinnitus

Tinnitus is a phantom sound indicating malfunction of the central auditory
system. The causes of tinnitus include damage to the inner ear and consequent
changes in the auditory system. The damage may, for instance, be due to aging,
noise exposure, infections, altered vascular integrity, and inflammatory responses
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Fig.2.4 Consequences of
connectivity between the
auditory and limbic systems

because of hypertension or atherosclerosis and local head or neck injuries
(Knipper et al. 2013).

The auditory system comprises the neuronal cochlear circuit connected with the
auditory cortex via the olive nucleus and the midbrain geniculate nucleus. This cir-
cuit enables arousal via the brainstem-midbrain reticular system and communicates
with limbic circuitry (McIntosh and Gonzalez-Lima 1998; Middleton and
Tzounopoulos 2012). Each acoustic stimulus received by the ear and passed via the
process of auditory transduction into the central auditory pathway undergoes assess-
ment leading to emotional reactions. The majority of acoustic signals are evaluated
as neutral but part is appraised with positive or negative emotional weight. This
assessment is possible due to the connectivity of auditory brainstem and auditory
cortex with limbic circuits in the amygdala, hippocampus, and prefrontal cortex
regions (Kraus and Canlon 2012); it is active not only during the awake phase but
also during phases of the non-REM sleep (Portas et al. 2000). Thus, the connectivity
between the auditory and limbic systems is involved in detecting adversity, danger,
and regulation of the HPA axis (Fig. 2.4).

In patients with disturbing tinnitus, the persistent phantom sound is continuously
evaluated and classified by the limbic system as adverse and thus negative
(Rauschecker et al. 2010). This may in turn lead to a long-term dysregulation of the
HPA axis characteristic for a condition of chronic stress (Fig. 2.5). Some of the
consequences of the tinnitus-induced chronic stress effects are, for instance, insom-
nia, as the limbic system signals danger and keeps the victims of tinnitus awake. It
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Fig.2.5 Influence of tinnitus percept on the auditory and limbic systems

would be of interest to accommodate these findings to the current knowledge of the
action of corticosteroids, since previously it has been reported that tinnitus patients
display hypocortisolism upon exposure to severe psychosocial stressors (Hebert and
Lupien 2007). One scenario is therefore that this “hypocortisolism” provides an
insufficiently large cortisol signal that is not capable to control the central stress
reaction evoked by auditory adversity (see Sect. 3). This would suggest the exis-
tence a cortisol sensitive tinnitus connectome or neuronal network underlying an
acoustic-induced allostatic load/chronic stress phenotype (McEwen and Wingfield
2010). Recent evidence indeed suggests tinnitus-specific connectivity of a func-
tional limbic neuronal network involved in processing of emotionally loaded and
emotionally neutral acoustic information which could be the tinnitus signature of
such an altered phenotype (Georgiewa et al. 2016).

Evidence emerges for a corticosteroid-responsive functional neuronal net-
work presenting a tinnitus signature in biological correlates.

Not all of the subjects with tinnitus are disturbed by its sound; however, those
who are suffer greatly from tinnitus-related insomnia and concentration problems.
In addition, about 50% of patients with tinnitus has additional mental comorbid
condition(s) such as depression or anxiety (Pattyn et al. 2016; Zirke et al. 2013), and
these are known to be set off or amplified by the emotional stress and MR/GR
imbalance (de Kloet et al. 2016).

Tinnitus may cause emotional distress and, finally, stress-related pathology. At the
same time, emotional exhaustion or the pathology accompanying posttraumatic stress
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disorder was suggested to be predisposing for tinnitus (Fagelson 2007; Hebert et al.
2012; Hinton et al. 2006). The argument is presented by the seminal experiments of
Sylvie Hébert et al. (Hebert et al. 2012; Hebert and Lupien 2007; Mazurek et al.
2015). These authors reported a blunted cortisol response to the Trier Social Stress
Test and enhanced suppression of the morning rise in cortisol by a low dose of exog-
enous dexamethasone administered at 11 pm on the previous day (Simoens and
Hebert 2012). Collectively, these data reveal an HPA axis phenotype of tinnitus
resembling that of fibromyalgia, chronic fatigue syndrome, posttraumatic stress syn-
drome, and atypical depression, which are all characterized by a relative underexpo-
sure to cortisol during stressful conditions (Chrousos and Gold 1992). Such a reduced
cortisol secretion maybe the consequence of an overactive limbic MR conveying an
enhanced inhibitory tone over the HPA axis. The recently uncovered cytokine signa-
ture of tinnitus would fit in a phenotype of an altered functional ratio of MR over GR
activity (Betancur et al. 1995; de Kloet et al. 1994) causing prevalence of pro-inflam-
matory cytokine synthesis (Szczepek et al. 2014).

That cortisol is of relevance for auditory processing is known for a long time.
Adrenally deficient patients were shown to have lower detection threshold in the fre-
quencies 500 and 1000 Hz than the healthy controls but have a deficit in speech dis-
crimination (Henkin and Daly 1968). This increased detection and decreased perception
cannot be ameliorated by deoxycorticosterone, but the detection threshold was normal-
ized upon ACTH, prednisolone, and fludrocortisone treatment, the latter with either
dexamethasone, prednisolone, or cortisone (Henkin and Daly 1968). Corroborating this
early clinical finding, recent study demonstrated that although the rats with impaired
adrenal function have intact function of the outer hair cells in the inner ear, their distor-
tion produces otoacoustic emissions (DPOAE). These adrenally deficient animals also
have significantly elevated auditory brainstem responses (ABR) which are consistent
with impaired tone and speech perception in people (Dogan et al. 2015) and indicative
of neuronal processing rather than sensory malfunctioning. Further, in support of clini-
cal findings, dexamethasone reversed this impairment auditory information processing.
Hence, it seems that enhancing GR function contributes to reinstatement of normal
auditory function. Another argument for a positive action of corticosteroids on the audi-
tory system is the therapeutic use of synthetic corticosteroids (prednisone, dexametha-
sone) to treat inner ear illnesses such as sudden sensorineural hearing loss (SSHL)—a
condition that is always accompanied by tinnitus (Hobson et al. 2016; Leung et al. 2016)
or idiopathic tinnitus (Barreto et al. 2012; Dodson and Sismanis 2004).

Corticosteroid receptors are expressed in the inner ear and auditory networks in
the brain. Several areas of the inner ear are richly endowed with MR and GR
(Fig. 2.1) (Kil and Kalinec 2013; Terakado et al. 2011). The current notion is that
glucocorticoids prevent the hearing loss via GR because of their anti-inflammatory
and immunosuppressive action, while the aldosterone-selective MR is involved in
maintenance of ion homeostasis required for optimal hearing (Meltser and Canlon
2011). Since 85% of subjects with tinnitus have some degree of hearing loss
(Mazurek et al. 2010), it would be very interesting to examine whether prevention
of hearing loss is connected with prevention of tinnitus. Also the cochlear neuronal
network expresses differentially in discrete nuclei MR and GR. However, so far no
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systematic studies have been reported on the function of these brain receptors in the
onset and modulation of tinnitus.

2.12 Corticosteroids-Based Treatment Options

Synthetic corticosteroids are used since decades as systemic or local therapy for
tinnitus. Dexamethasone and methylprednisolone are most commonly used, and the
administration routes vary from per os, intravenous injection to intratympanic
injections (see Table 2.1). Recent systematic review scrutinized clinical studies that
used the latter method and concluded lack of effectiveness (Lavigne et al. 2016).
However, the authors also recognized that the extreme heterogeneity of the clinical
protocols and the lack of long-term follow-up undermined their disappointing
conclusion.

Lack of successful pharmacological treatment for tinnitus reflects lack of a clear-
cut, worldwide accepted classification of tinnitus. Tinnitus is a symptom that can
accompany numerous diseases. Curative treatment for tinnitus may depend on its
cause. In agreement with this, a case report was published, in which the authors
claim that epidural injection with triamcinolone acetonide was successfully used
to cure the patient from chronic tinnitus (McCormick and Walega 2015). The patient

Table 2.1 Intratympanic steroid injections in tinnitus treatment

Patient
References selection Dosage Groups Results
Choi et al. Refractory Dex 5 mg/mL 15 ITSI THI
(2013) 15 Salin 33.3%N58
40%
Shim et al. Idiopathic Dex 5 mg/mL 42 Ala Cure rate
(2011) < 3 months 46 Ala + ITSI 9.8% 25.8%% 20.0%5S
44 Ala + ITSI +
PSTG
Topak et al. | Refractory MP 62.5 mg/mL |30 MP SATLSI
(2009) 29 Salin 21988
22%
She et al. Refractory MP 0.25 mg/mL |35 MP Control rate
(2010) Dex 5 mg/mL 24 Dex 45.779%NS
CBZ 300 mg 25 Carb 29.2%NS
36.0%
Araujo et al. | Refractory + Dex 4 mg/mL 21 ITSI TVASI
(2005) severe and 14 Salin 339NSS
disabling 29%

Reproduced from Lavigne et al. (2016) with permission of Springer

DEX dexamethasone, MP methylprednisolone, CBZ carbamazepine, THI tinnitus handicap index,
Ala alazopram, PSTG prostaglandin, /TSI intratympanic steroids injection, CC complete control,
SS statistically significant, NSS not statistically significant, 7Q tinnitus questionnaire, SATLSI
self-assessed tinnitus loudness scale improvement, 7VASI tinnitus visual analog scale
improvement
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described in that case report had somatic (or somatosensoric) tinnitus. This subtype
of tinnitus is characterized by the ability of the patient to modulate the tone or vol-
ume of tinnitus by the head and neck movements. Somatic tinnitus is caused due to
neuronal convergence of auditory and somatic pathways on the level of dorsal
cochlear nucleus and inferior colliculus (Dehmel et al. 2008). McCormick and
Walega propose the mechanism for curative action of corticosteroids in that case
and attribute it to the afferental modulation of neuronal signals carried by somatic
spine roots that converge with auditory pathways. More time and studies with this
particular type of tinnitus subtype is needed to prove the general efficacy of syn-
thetic corticosteroids for somatic tinnitus.

Tinnitus is a symptom that can accompany numerous diseases. Curative treat-
ment for tinnitus may depend on its cause.

Taken the data together, after a scholarly discussion of the organization of the
HPA axis and the action of its end product cortisol, we concentrated on the precipi-
tation of tinnitus by a great variety of insults. We next discussed the potential role
of stress elements in the auditory-limbic connectome with respect to the onset and
progression of tinnitus. This refers in particular to the notion that prolonged acous-
tic adversity evoked by tinnitus would lead to inadequate cortisol containment of
stress reactions in the auditory system. As a consequence this chronic stress condi-
tion would progressively cause damage to circuits underlying the central processing
of auditory information resulting in further aggravation of tinnitus and enhanced
vulnerability to mood disorders. The chapter is concluded with a discussion of treat-
ment options to the benefit of the tinnitus patient that are based on corrections of
stress-induced changes in the auditory system.
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