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5.1	 �Stress

“Stress” can be divided into different levels as “good stress,” “tolerable stress,” 
and “toxic stress.” Good stress is “characterized by moderate, short-lived increases 
in heart rate, blood pressure, and stress hormone levels.” Tolerable stress “refers 
to a physiological state that could potentially disrupt brain architecture, e.g., 
through cortisol-induced disruption of neural circuits or neuronal death in the hip-
pocampus.” Toxic stress “refers to strong, frequent, and/or prolonged activation of 
the body’s stress-response systems. The defining characteristic of toxic stress is 
that it disrupts brain architecture, and affects other organ systems” (Shonkoff 
et al. 2009).

A stressful situation activates three major systems in the brain that regulate 
bodily functions. The first of these systems is the voluntary nervous system, which 
activates the motor system to, e.g., allow behavioral response to auditory informa-
tion. The second is the autonomic nervous system, which responds to emergencies. 
The third system is the neuroendocrine system, which maintains the body’s internal 
functioning and consists of a set of cells secreting amine- and peptide-based hor-
mones/transmitters (Toni 2004). These “stress hormones” are transported through 
the bloodstream and stimulate the release of other hormones. Major stress hormones 
are adrenaline and cortisol. When the body is exposed to stressors, adrenaline is 
quickly released into the bloodstream to put the body into a general state of arousal 
and enable it to cope with a challenge. The adrenal glands secrete glucocorticoids, 
i.e., hormones that affect glucose metabolism. In humans, the main glucocorticoid 
is cortisol, whereas in common animal models such as rodents, it is corticosterone. 
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Glucocorticoids help to mediate the stress response, and some of its slower actions 
counteract the primary response to stress and help reestablish homeostasis (Brain 
facts 2015).

5.2	 �Hypothalamic-Pituitary-Adrenal Axis 
and the Auditory System

The hypothalamic-pituitary-adrenal (HPA) axis is part of the neuroendocrine sys-
tem and is the major stress-response system of the body (Fig. 5.1). In response to 
stress, the hypothalamus releases corticotropin-releasing factor (CRF), which trav-
els via blood circulation to the pituitary, where it binds to its receptor and produces 
adrenocorticotropic hormone (ACTH). ACTH is then secreted into the systemic 
blood circulation and travels to the adrenal cortex, where it binds to the melanocor-
tin receptor 2 (MCR2) to stimulate the production and release of glucocorticoids 
(Toni 2004; Mazurek et al. 2012). HPA-induced glucocorticoids affect their target 
tissue trough the glucocorticoid receptors (GRs) and mineralocorticoid receptors 
(MRs). GRs are nearly expressed everywhere in the body; however, expression of 
MR receptors is restricted to selected tissues including the brain and pituitary gland 
(providing feedback; Fig. 5.1), the eye, kidney, and the inner ear. Mice demonstrate 
the highest expression level of MR mRNA in the inner ear, as compared to other 
tissues. MRs regulate the ionic and water transports resulting in the reabsorption of 
sodium and an excretion of potassium (Basappa et al. 2012; Mazurek et al. 2012).

The HPA axis involves adaptation to increased demands and maintains homeo-
stasis after stressful challenges, but it also supports normal physiology and homeo-
stasis (Canlon et al. 2007). The overall function of the HPA axis is controlled by 
several negative feedback loops (Fig. 5.1). A dysfunctional HPA axis is associated 
with manifestations of psychosomatic and psychiatric disorders. Hyperactivity of 
the HPA axis is often found in major depression and is associated with increased 
susceptibility to infection and cardiovascular problems (McEwen 2007). The gluco-
corticoid receptors, affecting the main targets of the HPA axis, are important regula-
tors for protecting against noise trauma (Canlon et al. 2007).

5.3	 �Recognizing Stress in Animals

Stress does not occur unless the animal perceives a threat (Carstens and Moberg 
2000). Because most stressors are brief, the changes in biological function required 
to cope with the stressor are minimal and of little consequence to the animal’s well-
being (Carstens and Moberg 2000). These brief stressors include stressors 
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associated with the experimental manipulation and handling of the animal (Carstens 
and Moberg 2000). According to Bali and Jaggi (2015), stress in animals may be 
assessed (1) at the behavioral level reflected in social interaction, (2) at the bio-
chemical level by measuring plasma corticosterone and ACTH, and (3) at the physi-
ological level by measuring food intake and body weight. Carstens and Moberg 
(2000) pointed out that the stressor responses of the HPA axis provide an example 
of the difficulty encountered in measuring stress: “Measuring the secretion of the 
glucocorticosteroids—cortisol (primates) and corticosterone (rodents)—has been 
the most popular tool for evaluating stress, and frequently increases in circulating 
glucocorticosteroids have been used as proof of stress. It is evident that numerous 
stressors do elicit an increase in circulating steroids but not all stressors elicit an 
HPA response” (Carstens and Moberg 2000).

5.4	 �Causing Stress in Animals

The well-described stress models used in research include immobilization, restraint, 
electric foot shock, and social isolation (Bali and Jaggi 2015). We will first describe 
restraint stress and foot-shock stress, as they are most used in auditory research. 
However, we should also realize that noise exposure in itself is a stressor associated with 
increase in plasma norepinephrine levels in awake animals (Muchnik et al. 1998).

5.4.1	 �Restraint Stress

Restraint stress is a form of immobilization stress in which animals are not allowed to 
move for a specified period of time. Restraint stress is induced by placing the test animal 
in a plastic tube or wire-mesh container. This does allow limb movement but limits the 
range of overall movement. Based on neural and endocrine responses, restraint stress 
appears to be less intense than immobilization. Restraint stress is a commonly employed 
model for the induction of acute as well as chronic stress in rodents (Bali and Jaggi 2015).

5.4.2	 �Electric Foot Shock-Induced Stress

The electric foot shock paradigm mainly comprises acute or chronic exposures of foot 
shocks with variable intensity and duration on an electrified grid floor in an electric foot 
shock apparatus. Electric foot shocks are an integral part of classical conditioning tests 
used to assess the presence of tinnitus in animals (Sect. 5.8). It is generally not appreci-
ated that foot shocks cause acute stress and may affect the very thing the procedure 
aims to measure. As Bali and Jaggi (2015) noted: “Electric foot shock stressor includes 
both physical as well as emotional components and it is used as direct (physical stress) 
and indirect stressor (psychological stress). It has been mainly used with varying degree 
to produce mild as well severe stress of both acute and chronic in nature.”
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5.4.3	 �Noise-Induced Stress

Chronic noise-induced activation of the HPA axis might cause a variety of problems 
because of abnormally high levels of circulating stress hormones. The auditory sys-
tem connects via the amygdala and other circuits to the HPA axis and can thereby 
cause the release of stress-related hormones (Fig. 5.2). Henkin and Knigge (1963) 
suggested that noise-induced corticosterone elevations persist for up to ~12 h after 
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Fig. 5.2  Schematic of the various interconnections between the auditory system and the structures 
involved in noise-induced arousal, startle, and stress. The green boxes and lines represent the audi-
tory system. The purple boxes and lines the HPA stress system. The orange boxes and lines repre-
sent the arousal and startle system. CN cochlear nucleus, IC inferior colliculus, SC superior 
colliculus, HPC hippocampus, NAc nucleus acumbens, PPT pedunculopontine tegmental nucleus, 
HPA hypothalamic-pituitary-adrenal axis. Modified from Eggermont (2013a)
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stress induction. Noise-induced stress can affect arousal and startle responses, the 
latter being more and more used in the gap-startle test for tinnitus in animals. We 
will expand on this in Sect. 5.8.

The mechanism of noise-induced stress on the cochlea briefly can be described as 
(Eggermont 2013a): noise exposure activates neuroendocrine cells containing cortico-
tropin-releasing hormone (CRH) in the hypothalamic paraventricular nucleus, which 
stimulates the release of ACTH in the pituitary gland (Fig. 5.1). ACTH release and the 
resulting secretion of corticosterone (in rodents) in the adrenal gland increase with 
noise intensity. The increased levels of ACTH as well as corticosterone remained 
elevated for the duration of noise presentation along with behavioral stress response. 
As we have seen, corticosterone in turn activates glucocorticoid receptors in target 
structures such as the inner ear (Kraus and Canlon 2012).

5.5	 �Stress and the Cochlea

5.5.1	 �The HPA Axis Signaling System

The effects of noise stress on the cochlea are well studied (Horner 2003). After 
exposing rats daily to 85 dB SPL white noise for 4 h on 3 consecutive days, Rarey 
et al. (1995) detected a significant decrease in glucocorticoid receptor protein levels 
in the organ of Corti, but not in the spiral ligament, together with a significant 
increase in serum corticosterone levels compared to nonexposed controls. Curtis 
and Rarey (1995) then used immobilization stress. They observed a significant qua-
dratic trend of GR levels in spiral ligament tissues of rats restrained from 6 h daily. 
GR levels were elevated by day 2, and by day 21 GR levels had returned to near 
normal values. There was also a statistically significant decrease in the organ of 
Corti’s GR levels when the daily restraint stress was applied for up to 7 days, but 
was again no longer observed after 21 days.

There are several reports demonstrating that acute stress can protect the auditory sys-
tem. Noise-induced temporary threshold shifts after noise exposure (120 dB, 20 min) 
were less in stressed guinea pigs than in unstressed controls (Muchnik et al., 1998). Wang 
and Liberman (2002) showed that two 12-h epochs of mild physical restraint signifi-
cantly reduced permanent threshold shifts from a subsequent acoustic overexposure, as 
long as the treatment-trauma interval was short (≤2 h). The period of protection coin-
cided with the period of elevated corticosterone levels. Thus, cochlear protective effects 
of sound conditioning may be mediated by stress pathways through the activation of 
glucocorticoid receptors in the inner ear (Canlon et al. 2007; Meltser and Canlon 2011). 
Kraus and Canlon (2012) summarized this as: “while there are positive correlations 
between stress and hearing problems, a large body of studies provides evidence that acute 
stress can enhance hearing or mediate protection against noise-induced hearing loss.”
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Mazurek et al. (2010) examined the effect of stress on the auditory system of 
Wistar rats. Stress was induced by a combination of handling the animals, mov-
ing the animals to a new cage and a different room, exposed them to unpleasant 
sound and vibration, and restrain them. The unstressed control animals were 
kept in their home cage. Mazurek et  al. (2010) found that such induced 24-h 
stress decreased auditory brainstem response (ABR) thresholds and increased 
ABR amplitude and strength of distortion product otoacoustic emissions 
(DPOAEs). The increased ABR and DPOAE amplitudes were most pronounced 
between 3 and 6  h post-stress, and 1  week later returned to control levels. 
Corticosterone and tumor necrosis factor alpha concentrations were systemi-
cally elevated in stressed animals between 3 and 6 h post-stress, pointing to the 
activation of the HPA axis. Expression of the HPA-axis-associated GR and 
hypoxia-inducible factor 1 alpha (Hif1a) genes was modulated in some auditory 
tissues. In the inferior colliculus (IC), Mazurek et al. (2010) found an upregula-
tion of GR mRNA 3 h post-stress and continuous upregulation of Hif1a up to 
24 h post-stress. In the spiral ganglion, there were no differences in gene expres-
sion between stressed and control animals. In the organ of Corti, no changes in 
the expression of GR mRNA were found; however, the expression of Hif1a was 
significantly downregulated 1  week after stress induction. In addition, the 
expression of prestin in the OHCs was significantly upregulated 6 h post-stress. 
Mazurek et al. (2010) concluded “that 24-h stress induces transient hypersensi-
tivity of the auditory system and modulates gene expression in a tissue-specific 
manner.” Knipper et al. (2013) reported an influence of stress on the IHC syn-
apse in rodents. Two days after stress induction, the number of release sites 
(ribbons) at IHC synapses was increased in animals that exhibited high corticos-
terone levels (Singer et al. 2013).

5.5.2	 �The Local Cochlear CRF-Signaling System

Vetter and colleagues (Basappa et al. 2012) recently discovered “a novel cochlear 
signaling system that is molecularly equivalent to the classic hypothalamic–pitu-
itary–adrenal (HPA) axis.” This cochlear signaling system balances auditory sensi-
tivity and susceptibility to noise-induced hearing loss and protects against metabolic 
insults from exposures to ototoxic drugs (Basappa et  al. 2012). This local HPA 
system appears independent of the systemic HPA signaling to the cochlea. It con-
sists of locally produced CRF, a CRF1-receptor, and ACTH (Fig. 5.3). Deletion of 
the CRF1-receptor gene resulted in auditory impairment of knockout animals 
(Graham and Vetter 2011). As we have seen, systemic HPA activation also influ-
ences hearing via delivery of systemic glucocorticoids through the circulation 
(Basappa et al. 2012).
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5.6	 �Stress and the Central Nervous System

Mazurek et  al. (2015) emphasized that stress causes changes in neuroplasticity. 
Auditory neural plasticity may be defined as the dynamic changes that occur in the 
structural and functional characteristics of auditory neurons in response to changes 
in, or in the significance of, the sound they receive (Irvine 2010). Synaptic plasticity 
affecting the glutamate postsynaptic system and especially the AMPA and NMDA 

CRF signaling

HPA signaling

ACTH, MC2R

ACTH Glucocorticoid receptors

POMC, ACTH, MC2R POMC, ACTH

CRF

CRF, CRFR1, CRFR2

CRF, CRFR1 CRF, CRFR2CRFR1

IHC

BdC

IS
IPC

OPC
DC

DC

DC

LTC

BoC

CC

HC

TCOHC

Fig. 5.3  The cochlea CRF signaling system (top) expresses an HPA-equivalent signaling system 
(bottom). ACTH adrenocorticothropin, CRF corticotropin-releasing factor, CRF1 and CRF2 are 
CRF-receptors, MC2R mineralcorticoid receptor, POMC pro-opiomelanocortin. From Basappa 
et al. (2012)
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receptors appears to be regulated by stress (Hubert et al. 2014; Timmermans et al. 
2013). A stressful acoustic stimulus, such as noise, causes amygdala-mediated 
release of stress hormones via the HPA-axis, which may have negative effects on the 
central nervous system (Fig. 5.2). The hippocampus can affect auditory processing 
by being able to mediate novelty detection. Noise exposure affects hippocampal 
neurogenesis and LTP in a manner that affects structural plasticity, learning, and 
memory (Kraus and Canlon 2012). High stress levels at the time of a moderate audi-
tory trauma led to a “tinnitus-specific” central responsiveness, including more 
severe IHC ribbon loss, reduction of ABR amplitudes, and the decline of Arc/Arg3.1 
expression levels in the hippocampal CA1 or auditory cortex (Singer et al. 2013). In 
contrast, moderate stress levels at the time of trauma could prevent such a tinnitus-
specific central response and restore adaptive central responses (Knipper et  al. 
2013).

Nava et al. (2017) studied the time course of acute stress by foot shock on den-
dritic remodeling within the prelimbic (PL) region of the rodent prefrontal cortex 
(PFC). They analyzed dendritic length and spine density at 1  day, 7  days, and 
14 days after inducing stress. At day 1, they found increased small-spine density and 
dendritic retraction, together with significant atrophy of apical dendrites. After 7 
and 14 days recovery, complete normalization of spine density was observed. Nava 
et al. (2017) concluded that acute stressors may induce rapid and sustained changes 
of PL neurons. These changes in the PFC could affect the protective gating effect 
that was hypothesized to prevent tinnitus (Leaver et al. 2011; next section).

5.7	 �Stress and Tinnitus

Tinnitus is strongly associated with emotional stress, anxiety, and depression 
(Langguth 2011; Mazurek et al. 2012). Like external environmental noise, the inter-
nally generated noise of tinnitus may cause emotional distress resulting in mood 
disorders like depression. In turn, stress or depression may contribute to the devel-
opment of tinnitus (Halford and Anderson 1991; Robinson et al. 2007; Canlon et al. 
2013). Reciprocal interactions of auditory areas and areas processing emotion seem 
essential for tinnitus generation (Rauschecker et  al. 2010; Langguth et  al. 2011; 
Fig. 5.4). The phantom sound may be caused by disinhibition, increased spontane-
ous firing rates, increased neural synchronization, and tonotopic reorganization in 
the central auditory system (Eggermont and Roberts 2004; Roberts et  al. 2010). 
Furthermore, since the auditory and limbic systems are interconnected, tinnitus can 
affect emotional as well as cognitive properties of the limbic system. In turn, the 
limbic system may play a role for tinnitus generation or stabilization.

Canlon et al. (2013) described findings in a cross-sectional study on the associa-
tion of hyperacusis and stress on tinnitus, assessed by the tinnitus handicap ques-
tionnaire (THQ; Kuk et  al. 1990) score. They found that the only significant 
predictors of mean THQ score for the left ear were hyperacusis and stress and only 
stress for the right ear. Canlon et al. (2013) suggested that stress seems an important 
predictor of tinnitus severity.
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5.7.1	 �Stress Causing Tinnitus

Hu et al. (2010) used a mild-chronic stress model of depression in Sprague-Dawley 
rat and evaluated the effects with positron emission tomography (PET) imaging 
technique. They used both physical stressors (e.g., sleep deprivation, water depriva-
tion, and heat stress) and psychosocial stressors (e.g., crowding, loud sound). After 
4 weeks of random mixed stressing, brain PET analysis showed activation of left 
auditory cortex and deactivation of left inferior colliculus. No changes were detect-
able in the visual pathway. Changes in the auditory system correlated significantly 
with the depressive symptoms of experimental animals (Hu et al. 2010). Although 
this does not directly relates to tinnitus, the comorbidity with depressive symptoms 
and increased metabolic activation in auditory cortex is suggestive.

Another link to tinnitus may be found in the stress-induced increase in central 
opioid-dynorphin activity that potentiates the HPA-axis. Opioid peptides are found 
within and released from neural systems that regulate the body’s overall biologic 
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Fig. 5.4  Schematic of putative auditory-limbic interactions in tinnitus. Sensory input originates 
from the auditory midbrain (purple) and enters both auditory and limbic circuits via the medial 
geniculate body (MGB; yellow). Under normal circumstances, the limbic system may identify a 
sensory signal as perceptually irrelevant and inhibit the unwanted signal at the MGB via projec-
tions from the ventromedial prefrontal cortex (vmPFC; pink) to the auditory thalamic reticular 
nucleus (TRN) via the red pathway. In chronic tinnitus, inefficient vmPFC output via the red 
pathway prevents inhibition of the tinnitus signal at the level of the MGB, resulting in a constant 
perceptual presence of the tinnitus signal. Cortical structures are indicated in pink, the thalamus is 
indicated in yellow, the thalamic reticular nucleus in orange, the basal ganglia in light green, and 
the amygdala in dark green. MDN medial dorsal nucleus, VP ventral pallidum, AC auditory cortex, 
NAc nucleus accumbens. Based on Leaver et al. (2011)

J.J. Eggermont



87

response to physical/emotional stress. Emotional or physical stress induces potent 
analgesic effects, and the biologic response to stress is likely to involve multiple 
opioid systems (Sahley et al. 2013). Naturally occurring opioid dynorphins are also 
released from lateral efferent olivocochlear axons into the synaptic region beneath 
the cochlear IHCs during stressful episodes (Sahley and Nodar 2001). This results 
in altered neural excitability and/or distribution of spontaneous firing rates in type I 
auditory nerve fibers with low SFRs and high thresholds. Incidentally, the same 
subset of type I nerve fibers is affected by TTS, via the damaged ribbon synapses 
(Kujawa and Liberman 2009). Sahley et al. (2013) wondered if a lateral efferent 
olivocochlear-activated release of endogenous dynorphins may generate increased 
SFRs in ANFs (in the same way as induced by salicylate; Ruel et al. 2008) that 
could be processed by the central auditory system as either an acute subjective tin-
nitus. This so far remains in the domain of speculation.

5.7.2	 �Tinnitus Causing Stress

Recent reviews by Kraus and Canlon (2012) and Wallhäusser-Franke et al. (2012) 
connected nonauditory effects of noise and tinnitus respectively to the activity in 
the limbic system. The sensation of sound and noise, or the absence of sound, not 
only induces structural or functional changes in the central auditory system but 
can also affect limbic regions such as the amygdala and hippocampus (Fig. 5.5). 
The amygdala is particularly sensitive to meaningful sound, such as animal vocal-
izations or speech, crying, or music. As we have seen, the amygdala plays a cen-
tral role in auditory fear conditioning, regulation of the acoustic startle response, 
and can modulate auditory cortex plasticity. A stressful acoustic stimulus, such as 
noise, causes amygdala-mediated release of stress hormones via the HPA-axis, 
which may have negative effects on health, as well as on the central nervous sys-
tem. In contrast, short-term exposure to stress hormones elicits positive effects 
such as hearing protection. Noise exposure affects hippocampal neurogenesis and 
LTP in a manner that affects structural plasticity, learning, and memory. Tinnitus, 
typically induced by NIHL, is associated with emotional stress, depression, and 
anatomical changes of the hippocampus (Goble et al. 2009). In turn, the limbic 
system may play a role in the generation as well as the suppression of tinnitus 
indicating that the limbic system may be an essential target for tinnitus treatment 
(Eggermont 2013a).

Hyperarousal also plays a role in Jastreboff’s (1990) neurophysiological tin-
nitus model. Besides altered activation in auditory brain regions, there is evi-
dence that tinnitus is associated with increased activity in regions associated 
with emotion processing and the control of autonomic bodily functions such as 
the prefrontal cortex and the amygdala (Fig. 5.4; Leaver et  al. 2011). This is 
thought to be a feature that is common to many disorders that are associated 
with unexplained functional somatic symptoms and that show high comorbidi-
ties with depressivity and anxiety such as tinnitus or sleep disorders (De Ridder 
et al. 2011).

5  Animal Models of Stress and Tinnitus



88

5.8	 �Recognizing Tinnitus in Animals?

In my discussion of what we might actually measure in animal models of tinnitus 
(Eggermont 2013b), I wrote “The search for neural substrates of tinnitus requires 
animal models that show behavioral evidence of tinnitus under conditions similar to 
those that cause tinnitus in humans. Humans can tell us if they have tinnitus and can 
describe how loud it is, what it sounds like and whether they are bothered by it. They 
don’t experience it during sleep and can affect its perception by directing attention 
away from it (Searchfield et al. 2007); in other words tinnitus is a conscious percept 
(De Ridder et al. 2011).” The main question is: do animals experience tinnitus in simi-
lar ways, including cognitive and emotional aspects, and can it be demonstrated? In 
some behavioral test protocols, an animal is trained to respond differently to silence 
than to a presented sound with properties preferably similar to the expected tinnitus. 
Then the animal receives a tinnitus-inducing drug such as salicylate or is exposed to 
noise. The animal is subsequently assessed on its behavioral responses to continuous 
silence and external sound, the dominant idea being that tinnitus abolishes the notion 
of silence, i.e., the absence of an external sound.

Memory SAM axis Cardiovascular

Stress hormones

HPA axis

Stress hormones

Modulation
Amygdala

Auditory
system
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Attention
PFC

Hippocampus BNST

Fig. 5.5  Effects of tinnitus on limbic structures. Tinnitus, just as environmental noise, activates 
the amygdala, which in turn initiates stress hormone (corticosteroids such as glucocorticoids and, 
in animals, corticosterone) release through the limbic HPA-axis. Stress hormones as well as neu-
ronal activity in the amygdala or auditory system affect the hippocampus by reducing neuronal 
activity, modifying synaptic plasticity, memory properties, and inducing long-term changes such 
as altered cell morphology and decrease of neurogenesis. BNST bed nucleus of stria terminalis, 
HPA hypothalamic-pituitary-adrenal, PFC prefrontal cortex, SAM sympathetic-adrenal-medullary. 
From Eggermont (2013a)
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5.8.1	 �Using Classical Conditioning

The classical behavioral techniques are based on conditioned response suppres-
sion (Estes and Skinner 1941; Fig. 5.6). Jastreboff et  al. (1988a, b) introduced 
these tests into tinnitus research. They deprived rats of water and had them con-
tinuously engaged in licking behavior during each experimental session. A con-
stant 24-h background noise functioned as a safe-to-drink signal. The conditioned 
stimulus consisted of a temporary interruption of the background noise, which 
was paired with a mild foot shock during the training (note the stressor!). The 
occurrence of silence thus slowly produced a decreased number of licks. Using 
this procedure, Jastreboff et al. showed that rats given salicylate after the training 
were less likely than control animals to stop drinking when the noise was turned 
off. The interpretation is that the treated animals still hear a sound when no exter-
nal sound is present, i.e., they have tinnitus. Heffner and Harrington (2002) modi-
fied this procedure for use in hamsters. Bauer and Brozoski (2001) trained rats to 
press a lever in the presence of a 60 dB SPL broadband noise to obtain food, but 
they had to stop pressing the lever during silent intervals to avoid a foot shock 
(note the stressor!). After noise exposure, the animals were then tested by a pro-
cedure where four intervals containing a tone without shocks were presented, 
followed by four silent intervals where a shock was administered if the animal did 
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Fig. 5.6  Neural circuit for fear conditioning. The crucial point here is that the auditory cortex is 
not involved in generating the activity that leads to the conditioned response. This crucial role is 
reserved for the medial part of the medial geniculate body (MGBm)—posterior intralaminar 
nucleus (PIN) complex—making this behavioral response dominated by subcortical activity. CS 
conditioned stimulus, IC inferior colliculus, MGBm medial part of the medial geniculate body, 
MGBv ventral part of the medial geniculate body, PIN posterior intralaminar nucleus, US uncondi-
tioned stimulus. From Eggermont (2013b)
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not stop lever pressing. The tone was varied in frequency and intensity with the 
expectation that animals with tinnitus would respond differently to the tones 
matching the tinnitus pitch than the control animals. This modification would 
allow an estimate of “tinnitus pitch.”

Another approach used a shock avoidance (note the stressor!) conditioning pro-
cedure in which rats learned to climb a pole during the presentation of a sound to 
avoid a foot shock. Animals could remain on the cage floor during quiet intervals 
when the shocks were turned off (Guitton et al. 2003). Following salicylate treat-
ment, rats climbed the pole (false positive) during quiet, which was interpreted as 
evidence of tinnitus. A schedule-induced polydipsia avoidance conditioning proce-
dure (Lobarinas et al. 2004) also associated shock avoidance (note the stressor!) 
behavior with the presence of sound. Animals suppressed licking during sound tri-
als. High doses of salicylate suppressed licks-in-quiet; this was interpreted as evi-
dence of tinnitus.

Rüttiger et al. (2003) introduced a (putatively stress-free) positive reinforcement 
technique in which responses made in the presence of sound were reinforced with a 
fluid reward, but not during quiet. Salicylates induced a high false response rate in 
quiet; the false alarm rate was equivalent to the access rate evoked by a 30 dB SPL 
broadband noise.

5.8.2	 �Using the Gap-Startle Response

Turner et  al. (2006) introduced a completely different and potentially powerful 
method for tinnitus screening in rats using a modified pre-pulse inhibition of the 
acoustic startle reflex (Fig. 5.7). This method does not require training but can be 
made more sensitive by fear conditioning (note the stressor!) on the pre-pulse. The 
presence of a gap in a continuous acoustic background functioned as the pre-pulse 
and induced an inhibition or reduction of a very loud noise-burst-induced startle 
reflex (a putative stressor!). The authors hypothesized that if the background acous-
tic signal was qualitatively similar to the rat’s tinnitus, poorer detection of a silent 
gap in this background would be expected, and the startle reflex would not be 
inhibited.

Animal models of tinnitus require an unambiguous behavioral correlate of the 
presence of tinnitus. Various conditioned response methods and gap-startle reflex 
methods as described above are in use, and the outcomes generally correspond with 
putative electrophysiological substrates of tinnitus. However, for salicylate-induced 
tinnitus, there is clear discordance between the behavioral and electrophysiological 
test results. As a result, it is not clear if the various tests reflect tinnitus, hyperacusis, 
or may be just hearing loss (Eggermont 2013b).

Salloum et al. (2016) may have provided a solution to distinguish the effects of 
tinnitus and hyperacusis on the gap-startle. They hypothesized that hyperacusis-like 
enhancements of the acoustic startle response could lead to an apparent reduction of 
gap suppression, resembling that caused by tinnitus, by altering responses to the 
startle stimulus or the background noise. Salloum et al. (2016) demonstrated that 
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besides hearing loss, also changes in sensitivity to background noise or to startle 
stimuli are potential confounds that, when present, can underlie changes in gap 
detection irrespective of tinnitus.

Could the behavioral techniques to assess tinnitus induce stress and consequently 
induce or exaggerate tinnitus? Looking back at the standard methods used to induce 
stress, handling, foot shock, noise exposure, and moving to a different cage, i.e., 
from cage to startle box, it should not be surprising if it did. If not all animals are 
similarly sensitive to these types of stress, this idea could explain why typically only 
~1/3 to ½ of the animals in the gap-startle test show a “tinnitus” response. This 
should be investigated.

BLA

NAc PnC

Startle
response

50ms

PPT

Superior
colliculus

Auditory
cortex

MGBm

Inferior
colliculus

Brainstem

Cochlea

Fig. 5.7  Simplified pre-pulse startle response circuit. The auditory pathway is indicated with 
olive-colored boxes and connections. The startle circuit is indicated by pink boxes and red connec-
tions. The pre-pulse inhibition modulating circuit includes the path through the superior colliculus 
but could in addition be affected by the pathway and structures indicated in blue. This latter path-
way inhibits the PnC and is potentially affected by auditory cortex and more directly by the MGB 
via the amygdala (BLA). The arrowheads indicate excitatory connections, and round-dotted end-
ings indicate inhibitory connections. BLA basolateral amygdala, MGBm medial part of the medial 
geniculate body, NAc nucleus accumbens, PnC nucleus reticularis pontis caudalis, PPT peduncu-
lopontine tegmental nucleus. From Eggermont (2013b)
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5.9	 �Summary

Stress induced in and auditory research context is characterized by moderate, short-
lived increases in heart rate, blood pressure, and stress hormone levels. The well-
described stress models used in auditory research include immobilization, restraint, 
and electric foot shocks. Handling is also a common source of stress in laboratory 
animals. Noise exposure is also a stressor associated with increase in plasma norepi-
nephrine levels in awake animals. Stress induced by noise can protect the auditory 
system. The cochlea is affected by the glucocorticoids systemically released by the 
HPA system, but also by a local corticotropin-releasing factor signaling system. 
Stress may cause tinnitus, but tinnitus may in turn cause or acerbate stress.

No stress occurs unless the animal perceives a threat. Stress in animals may be 
assessed (1) at the behavioral level reflected in social interaction, (2) at the bio-
chemical level by measuring plasma corticosterone and ACTH, and (3) at the physi-
ological level by measuring food intake and body weight. Tinnitus in animals has 
been assessed by conditioned response suppression or by the gap-startle reflex. 
Both methods use stressors, i.e., foot shock and loud noise. I suggest that these may 
interfere with the outcome of these tests.
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