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Preface
The overarching aim of the current dissertation was to study the underlying pathophysiological
mechanism(s) of noise-induced tinnitus and hyperacusis. Specifically, I studied the immediate
and long-term effects of acoustic trauma on (1) wave amplitudes of the auditory brainstem
response (ABR), (2) evoked and spontaneous activity in the inferior colliculus (IC), and
(3) spontaneous behavior in noise and silence. I found that the amplitude of ABR wave I is
reduced up to four weeks after bilateral acoustic trauma, whereas the amplitude of ABR wave
IV is already normal one week after trauma, suggesting an increased central gain between the
auditory nerve and the auditory midbrain (Chapter 2). Furthermore, inhibition in the IC is
reduced by acoustic trauma, both in response to pure tones and in response to a noise stimulus,
likewise implying an increase in central gain in the auditory midbrain (Chapter 2, Chapter
5). Moreover, my results showed that spontaneous activity in the IC is not majorly affected
by acoustic trauma (Chapter 2). If any, it is slightly reduced shortly after trauma (Chapter 5).
Envelope coding in the IC is enhanced immediately after trauma, suggesting that processing
of complex sound features is also altered by acoustic trauma (Chapter 3). Moreover, my
experiments showed that the Wiener-kernel analysis technique is applicable to spike trains
of the IC (Chapter 4) and can be used as a tool to study the effects of acoustic trauma on
response characteristics of the IC (Chapter 5). Last, the behavioral experiments showed that
normal-hearing guinea pigs are active in noise, but immobile in silence. Unilateral acoustic
trauma results in an altered pattern of this spontaneous behavioral activity in a subgroup of
guinea pigs, which includes an increased mobility in silence and in noise (Chapter 6). This
suggests that spontaneous behavior in noise and silence might potentially serve as a new
measure to detect tinnitus in guinea pigs.
These individual experiments each provide answers to single, specific research
questions. However, ideally, these experiments together should be combined in one
comprehensive experiment. In one animal, neurophysiological measures, i.e. ABR wave
amplitudes, spontaneous activity, evoked activity, and Wiener kernels, and behavioral activity
could be assessed. If the behavioral paradigm can be further validated, this might provide
insight into whether the animal perceives tinnitus and/or suffers from hyperacusis. Then,
the neurophysiological fingerprints of acoustic trauma could be correlated to tinnitus and/or
hyperacusis. Such a complete animal model would allow us to thoroughly and reliably study
the effectiveness and mode of action of specific drug treatments. This is an important next
step in the line of research described in this dissertation.
In the following sections, I will discuss the contributions of the neurophysiological
and behavioral findings to the current literature. Subsequently, I will discuss the limitations
and provide suggestions for future directions to establish a reliable animal model for tinnitus
and hyperacusis. This chapter finishes with a concluding section describing the scientific and
clinical implications that can be drawn from the results of this dissertation.
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Neurophysiology
Increased central gain
One of the main theories regarding pathological mechanisms behind tinnitus and hyperacusis
is called the increased central-gain theory (Noreña, 2011; Knipper et al., 2013; Zeng, 2013;
Auerbach et al., 2014). This theory implies that a sensory system responds to a deprived
external input with an abnormal homeostatic response in order to maintain a balanced state.
This abnormal homeostatic response can involve an increased sensitivity to incoming signals
as well as an amplification of the spontaneous activity. It has been hypothesized that the
first explains the presence of hyperacusis, whereas the latter corresponds to tinnitus (e.g.
Zeng, 2013). Increased hearing thresholds clearly imply a deprived sensory input to the
central auditory system. However, recent studies have shown that noise-induced temporary
threshold shifts can also result in a permanent deprivation of sensory input by means of the
degeneration of the cochlear nerve (Kujawa and Liberman, 2009; Lin et al., 2011). This
phenomenon has been termed “hidden hearing loss”. The results of the current dissertation
are discussed with respect to the increased central-gain theory, both as a result of elevated
hearing thresholds and as a result of “hidden hearing loss”.
In Chapter 2, I found that a sound-induced temporary threshold shift is associated
with a reduction in the ABR wave I amplitude up to four weeks after acoustic trauma. This
implies that the integrity of the auditory nerve is compromised by the acoustic trauma, even
though the auditory thresholds fully recovered (Lin et al., 2011). Moreover, the amplitude
of ABR wave IV recovered as soon as the thresholds recovered (after one week). Together,
this suggests a mechanism that amplifies the reduced sensory input between the auditory
nerve and the auditory midbrain. These findings are consistent with studies on ABR waves
of tinnitus patients with normal audiograms that likewise demonstrate reduced wave I
amplitudes but normal amplitudes of wave V (Kehrle et al., 2008; Schaette and McAlpine,
2011; Gu et al., 2012). Wave I amplitudes are also reduced in normal-hearing people with
self-reported exposure to loud sounds (Stamper and Johnson, 2014). Even though the initial
findings of a reduced wave I amplitude were found in tinnitus patients, it is not clear whether
it is a neural marker of tinnitus and/or hyperacusis. In laboratory animals, “hidden hearing
loss”, as reflected by a decreased wave I amplitude and a reduced ribbon count, is thought to
correspond with the generation of hyperacusis (Hickox and Liberman, 2014). Furthermore,
when equally exposed animals are classified as either “tinnitus” or “no-tinnitus”, it appears
that all exposed animals, regardless of the classification, have a reduced wave I amplitude,
whereas in the “tinnitus” animals, a reduced wave IV amplitude is found (Rüttiger et al.,
2013). Since behavioral experiments were not conducted with the animals of Chapter 2, the
observed ABR wave amplitude changes cannot be directly assigned to tinnitus, hyperacusis,
or both. However, the altered ABR wave amplitudes are consistent with the presence of
“hidden hearing loss” and with an increased central gain along the auditory pathway.
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The increased central-gain theory is also related to the balance between inhibition
and excitation in the central auditory system (Noreña, 2011; Zeng, 2013). Healthy
homeostatic neural activity is regulated by excitatory and inhibitory interactions, among
others (Turrigiano and Nelson, 2004). Therefore, a disrupted balance between excitation and
inhibition in the direction of an increased excitation or a decreased inhibition could cause
increased central gain. Inhibition and excitation can be studied by using molecular techniques,
e.g. by investigating inhibitory and excitatory neurotransmitters and their receptors, and by
using neurophysiological techniques, as performed in the current dissertation. Chapter 2 of
this dissertation shows that the amount of inhibitory responses to pure tones is significantly
reduced up to two weeks after acoustic trauma associated with a temporary threshold shift.
On the contrary, the amount of excitatory responses is not decreased, but rather increased in
response to low-frequency pure tones. Furthermore, Chapter 5 shows that inhibitory receptive
fields disappear in all IC multi units immediately after acoustic trauma, whereas excitatory
receptive fields remain present in the multi units with a characteristic frequency lower than
the trauma frequency of 11 kHz. Inhibitory subsystems, as revealed from singular-value
decomposition of the second-order Wiener kernel, are only present in multi units with a low
characteristic frequency < 3 kHz. In contrast, excitatory subsystems were present in multi
units with a characteristic frequency (before trauma) of up to 16 kHz. This indicates that in the
IC, inhibition in particular is vulnerable for acoustic trauma, as revealed with receptive-field
analysis and with Wiener-kernel analysis. My results indicate that acoustic trauma results in a
decrease of inhibitory components in the IC, which is consistent with the increased centralgain theory (Noreña, 2011). Furthermore, my results are consistent with molecular studies,
which show that acoustic trauma results in a down-regulation of inhibitory neurotransmitters
and their corresponding receptors (Szczepaniak and Møller, 1995; Dong et al., 2010a, 2010b),
and with neurophysiological studies, which show that noise-induced hearing loss amplifies
excitatory responses in the IC (Willott and Lu, 1982; Salvi et al., 1990; Niu et al., 2013). A
reduction of inhibition in the central auditory system has been suggested to be correlated to
tinnitus and to hyperacusis (Knipper et al., 2010; Wang et al., 2011; Sun et al., 2014). Since
the guinea pigs of Chapter 2 and Chapter 5 were not subjected to behavioral paradigms, it
is not certain whether the acoustic-trauma induced neurophysiological changes presented in
this dissertation reflect tinnitus, hyperacusis, or both. However, it can be speculated that they
are an underlying mechanism of hyperacusis, as altered stimulus-driven activity in the IC has
previously been linked to hyperacusis (Gu et al., 2010; Eggermont, 2013; Zeng, 2013).
As mentioned above, an increased central gain can also induce alterations in
spontaneous spiking activity of the central auditory system. Naturally, the characteristics of
spontaneous activity are specifically relevant in the absence of acoustic stimulation, making it
an attractive neural correlate for the central pathophysiology of tinnitus (Kaltenbach, 2011;
Noreña, 2011; Zeng, 2013; Eggermont and Roberts, 2014). Indeed, previous studies have
shown that spontaneous firing rates in the IC are increased following a tinnitus-inducing
noise exposure (Mulders and Robertson, 2009; Manzoor et al., 2013). However, the results of
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the current dissertation show that spontaneous firing rates measured immediately, one week,
two weeks, and four weeks after acoustic trauma do not significantly increase (or decrease)
as compared to the control group (Chapter 2). If any, when comparing spontaneous activity
in the same unit before and immediately after acoustic trauma, there is a small but significant
decrease (Chapter 5). Therefore, considering the lack of hyperactivity in the inferior
colliculus multi-unit recordings, it was concluded that the bilaterally exposed animals were
not experiencing tinnitus, but rather hyperacusis.
In summary, my results support the theory that acoustic trauma induces an increased
gain in the central auditory system. The results derived from analyses of ABR wave amplitudes,
excitatory and inhibitory processes, and spontaneous activity all suggest the presence of
hyperacusis, rather than tinnitus.

Enhanced envelope coding
Acoustic trauma can also alter the coding of more complex features of an acoustic stimulus,
such as the envelope. Coding envelope cues properly are important when processing complex,
meaningful sounds, such as speech (Shannon et al., 1995). My results showed that the neural
response, phase-locked to the envelope of the acoustic stimulus, is altered immediately after
acoustic trauma (Chapter 3). Modulation gain, i.e. the strength of the neural phase-locked
response relative to the modulation depth of the acoustic stimulus, is increased after acoustic
trauma in IC neurons. Specifically, multi units with characteristic frequencies below the
trauma frequency (< 11 kHz) show enhanced envelope coding in response to modulation
frequencies below 256 Hz. This finding is consistent with responses in the auditory nerve and
in auditory-evoked potentials after noise-induced hearing loss (Kale and Heinz, 2010; Zhong
et al., 2014), but have not been shown before in the IC.
The observed change in envelope coding at the level of the IC might be an
underlying neural mechanism for the problems that hearing-impaired people encounter
when listening in noisy environments (Bayat et al., 2013). Envelope information that derives
from fluctuating background noises, such as competing speakers, might act as a distraction
when pathologically amplified in the central auditory system. Previous studies showed that
patients with sensorineural hearing loss also have normal to better-than-normal envelope
detection thresholds (Moore and Glasberg, 2001; Füllgrabe et al., 2003). In addition, the
increased modulation gain in phase-locked responses of the IC after acoustic trauma might
be corresponding to the acoustic trauma-induced increased central gain, as discussed above.

Wiener kernels
By recording a system’s response to a broadband Gaussian white noise, a set of Wiener kernels
can be computed. These kernels provide a description of the nonlinear system that is being
studied (Eggermont, 1993). Wiener kernels have been extensively described for noise-evoked
spike trains of the auditory nerve of a variety of species (van Dijk et al., 1994, 1997; Yamada
and Lewis, 1999; Lewis et al., 2002a, 2002b; Recio-Spinoso et al., 2005; Temchin et al., 2005;
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Sneary and Lewis, 2007). Furthermore, there are also two studies describing Wiener kernels of
noise-evoked spike trains recorded at the ventral cochlear nucleus (Wickesberg et al., 1984;
Recio-Spinoso and van Dijk, 2006), only one of which reports successful recordings of the
second-order kernels (Recio-Spinoso and van Dijk, 2006). In order to get an interpretation for
the functional properties of the second-order kernels, they can be decomposed with singularvalue decomposition into a series of subsystems, consisting of a filter function (eigenvector)
and a gain value (eigenvalue; Yamada and Lewis, 1999). The eigenvectors allow us to obtain
frequency responses and group delays and the eigenvalues provide a relative weight factor
to the eigenvector. Furthermore, the sign of the eigenvalue indicates whether the subsystem
contributes positively or negatively to the neural response, corresponding to excitation or
inhibition, respectively. Singular-value decomposition has successfully been applied to
recordings of the auditory nerve and the cochlear nucleus (Yamada and Lewis, 1999; Lewis
et al., 2002a, 2002b; Temchin et al., 2005; Recio-Spinoso and van Dijk, 2006; Sneary and
Lewis, 2007).
Since Wiener kernels, complemented with singular-value decomposition, reveal many
response characteristics, including excitatory and inhibitory components, we hypothesized that
it might be beneficial for studies that aim to understand the neurophysiological consequences
of acoustic trauma. However, Wiener-kernel analyses had not been previously applied for
noise-evoked spike trains of the IC. Therefore, the applicability of the Wiener-kernel analysis
technique for noise-evoked spike trains of the IC was studied in the experiments described in
Chapter 4 of the current dissertation. This chapter shows that significant first- and secondorder kernels can be identified for spike trains of the IC.
In Chapter 5, the changes induced by acoustic trauma were studied using Wienerkernel analysis. As discussed above, these changes can include altered excitation, altered
inhibition, or both. Application of Wiener-kernel analysis on noise-evoked spike trains has
a particular advantage over studying tone-evoked neural activity. The response to a tone is
the summed result of excitation and inhibition. Hence, it is difficult to attribute any changes
due to acoustic trauma to either excitation, inhibition, or both. In contrast, singular-value
decomposition of Wiener kernels computed from noise-evoked spike trains allows for the
explicit separation of excitation and inhibition in the neural response. In other words, a
change due to acoustic trauma can be specifically linked to a change due to either excitation
or inhibition. Using this analysis technique, the effects of acoustic trauma on the excitatory
and inhibitory components of the IC were studied (Chapter 5). The results of this study have
been discussed previously in the context of the increased central-gain theory (see section
‘increased central gain’): acoustic trauma essentially cancels inhibition, but not excitation, in
neurons that are tuned to frequencies below the edge of the trauma frequency.

Spontaneous behavior
Progress in research on the pathophysiological mechanisms of tinnitus and hyperacusis
critically depends on a reliable behavioral animal model that determines whether the
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animal being studied has tinnitus and/or hyperacusis. Furthermore, a behavioral model
will be essential when testing promising treatments for tinnitus and hyperacusis. A number
of different paradigms were available when I started this project in 2010 (Turner, 2007).
However, none had been tested on guinea pigs. Today, there are two studies showing that
the startle reflex paradigm can be applied to determine tinnitus in guinea pigs (Dehmel et
al., 2012; Berger et al., 2013). I started by developing a conditioning paradigm to determine
tinnitus in guinea pigs (Jastreboff and Sasaki, 1994).
Previous studies showed that guinea pigs could be trained in a shuttle box to shuttle to the
other compartment in the presence of a 15-s noise burst (Philippens et al., 1992; Agterberg
et al., 2010). Therefore, we aimed at training guinea pigs in the shuttle box to respond to a
silent interval in continuous noise. However, it seemed that the guinea pigs inhibited their
activity during the silent intervals, demonstrating that such a conditioning paradigm with
silent intervals was not readily applicable as a measure for tinnitus in guinea pigs. In our
subsequent experiments, the spontaneous behavior in silence was further studied as a possible
measure to detect tinnitus in guinea pigs (Chapter 6). The idea behind this measure is that
normal-hearing guinea pigs show a clear distinction in spontaneous behavior during silence as
compared to during noise, i.e. they are mobile during noise, whereas they do not move during
silence. We hypothesized that guinea pigs with tinnitus do not perceive complete silence and,
therefore, do not show this typical behavior during silence. My results showed that some
guinea pigs with unilateral sound-induced hearing loss have an increased mobility during
silence as well as during noise (Chapter 6). Validation experiments, as those extensively
described in the discussion of Chapter 6, are essential before attributing these observations to
tinnitus, hyperacusis, or both. However, the observed behavior during the silent intervals of
the experiment strongly suggests that a subgroup of the traumatized animals indeed perceived
tinnitus.

Limitations
Below, three methodological aspects are discussed that impacted the application or
interpretation of the results reported in the current dissertation.

Anesthesia
The use of anesthetics during the neurophysiological recordings and during the exposure of
the animals to acoustic trauma was, due to important ethical reasons, unavoidable. Isoflurane
was used as an anesthetic during acoustic trauma for the animals that were allowed to
recover from the acoustic trauma (Chapter 2, Chapter 6). During the neurophysiological
procedures, a mixture of ketamine and xylazine was used to anesthetize the animals. Thus the
effects of immediate acoustic trauma in Chapter 2, Chapter 3, and Chapter 5 resulted from
exposure applied under ketamine/xylazine anesthesia. It has been shown that isoflurane has a
protective effect on noise-induced hearing loss and noise-induced tinnitus (Kim et al., 2005;
Norman et al., 2012). Furthermore, ketamine is known to be an antagonist of the N-methyl113
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D-aspartate (NMDA) receptor, which binds glutamate, and inner ear damage from acoustic
overexposure is thought be facilitated by glutamate excitotoxicity (Puel, 1995). This suggests
that, without the anesthetics, the damage could have been even more severe. Thus the noise
damage as described in this dissertation may be underestimated as compared to that in reallife (unanaesthetized) situations.

Unilateral vs. bilateral acoustic trauma
In the neurophysiological experiments of the current dissertation, the animals were exposed
to a free field bilateral acoustic-trauma stimulus (Chapter 2, Chapter 3, Chapter 5), as this
is similar to most conditions where humans may acquire acoustic trauma. However, in the
behavioral experiment of the current dissertation, a unilateral acoustic-trauma stimulus was
used (Chapter 6). The reason for applying unilateral trauma was that by traumatizing only
one ear, there is a smaller chance that the behavioral outcomes are confounded by hearing
loss, since the unexposed ear retains normal auditory thresholds.
Even though the trauma stimulus was the same in all experiments (1-h exposure of
an 11-kHz pure tone of 124 dB SPL), the mode of exposure could have induced a separate
set of behavioral and neurophysiological changes. For example, spontaneous firing rates in
the IC show separate characteristics in animals with bilateral acoustic trauma compared to
animals with unilateral acoustic trauma (Ma et al., 2006). Furthermore, the olivocochlear
system, which is activated by bilaterally presented sounds, protects the ear from damage
by acoustic trauma (Liberman, 1988; Maison and Liberman, 2000). Hence, unilateral
acoustic trauma likely results in more severe damage than bilateral trauma, due to the lack
of protective mechanisms mediated by the efferent system. This should be considered when
directly comparing the neurophysiological results with the behavioral results of the current
dissertation, as well as when comparing the current results with the literature.

Contemplations about behavioral paradigms to test for tinnitus and hyperacusis
Ever since the first behavioral paradigm for tinnitus was published in the ‘80s (Jastreboff
et al., 1988a), there has been no agreement in the current literature on the best measure
to determine tinnitus in laboratory animals (Hayes et al., 2014). Both the conditioning
paradigms and the startle reflex paradigms have advantages and disadvantages (Heffner
and Heffner, 2012). An important concern regarding all behavioral models for tinnitus in
laboratory animals is whether the behavior actually reflects tinnitus, and not something else.
First of all, the assumption must be made that the animal being studied is in fact capable
of experiencing a conscious percept, such as tinnitus. The next difficulty is that animals in
behavioral paradigms for tinnitus can never be under stimulus control, as the stimulus that we
would want them to act upon is a percept that is in their head, and thus beyond the ‘control’
of the scientist (Sidman, 2008). These questions, although very interesting, lie beyond the
scope of this dissertation. The assumption that laboratory animals are capable of experiencing
tinnitus is made in all studies on behavioral models as well as in Chapter 6 of this dissertation.
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Looking forward
The next step along this line of research is to combine the electrophysiological recordings with
the behavioral measure that has been suggested for tinnitus. As such, an animal model can be
developed in which promising treatments that are applied at the round window of the cochlea
can be tested (Muehlmeier et al., 2011). Accordingly, the effectiveness of the treatments can
be evaluated by the behavioral paradigm, whereas the mode of action can be studied by the
range of neurophysiological changes induced by acoustic trauma, as those described in this
dissertation. The following notions are personal suggestions about the direction in which I
think this research should further go.
First of all, I believe that the variability in the exposed animals is of great interest.
Future studies could focus on the neurophysiological differences between the animals
with normal and with abnormal behavior in noise and silence. Next, I consider reaching a
consensus about the most reliable behavioral measure to determine tinnitus and/or hyperacusis
in animal as an important aim for the future, if we want to directly compare results from
different laboratories around the world. Furthermore, performing neuroimaging studies in
laboratory animals with tinnitus would allow for a better translation between the animal
studies and the human studies. Also, I believe that scientists working with animal models
can move further in the direction that is taken by neuroimaging studies, namely looking at
the brain as a whole instead of single locations. For example, an experiment in which in vivo
electrophysiological recordings are made simultaneously at several locations in the auditory
central system would be very interesting. Moreover, I think it is important to realize that the
pathophysiological mechanism(s) of tinnitus and hyperacusis are not likely to be static, but
rather dynamic in time, especially within the first hours, days, and weeks after the acoustic
trauma, as is also illustrated by Chapter 2. Investigating a mechanism at only one time point
is as brief as a photo, whereas we would want to know the whole movie. Therefore, in order
to better understand a mechanism, one should always take multiple time points into account.
And last, to understand a pathophysiological mechanism thoroughly, I think that combining
neurophysiology with molecular techniques is of great importance. Molecular findings can
also provide useful targets for future treatments.
The ideal experiment would combine all these aspects and different approaches, i.e.
behavioral, neurophysiological, and molecular, into one animal experiment. I believe that the
methodological issues that are raised by combining these approaches into one experiment are
some of the most urgent issues to solve in the near future.

Conclusion
The overarching aim of the current dissertation was to study the underlying pathophysiological
mechanism(s) of noise-induced tinnitus and hyperacusis. The experiments that were
conducted for the current dissertation have filled some small gaps in the current literature.
Together with other important scientific work, these findings might eventually help to find
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the pathophysiological mechanism(s) of noise-induced tinnitus and hyperacusis. Specifically,
this dissertation shows that neurophysiological correlates of acoustic trauma in the inferior
colliculus include a decrease in inhibition, an increase in excitation, and enhanced envelope
coding. Furthermore, this dissertation shows that Wiener kernels are applicable to study
spike trains of the inferior colliculus and are an appropriate technique to further study
the pathophysiological consequences of acoustic trauma. Last, a possible new measure to
determine tinnitus in guinea pigs is reported.
By studying the consequences of acoustic trauma, the results of this dissertation can
make a contribution to the current knowledge about underlying mechanisms of noise-induced
tinnitus and hyperacusis. Therefore, these findings are of interest to auditory neurophysiologists
that work on the pathophysiological mechanisms of tinnitus and hyperacusis. Showing
that Wiener kernels can be measured in the inferior colliculus might provide a new tool to
study these pathological mechanisms, as these analyses provide information on the balance
between excitation and inhibition in a relatively straightforward way. Furthermore, my work
has contributed to the literature on behavioral models for tinnitus by describing a possible
new measure to assess tinnitus in guinea pigs.
The society of today expects its participants to stay active for a longer time. This
underlines the importance of people not having to be hindered by hearing loss, tinnitus, or
hyperacusis. Knowledge about the consequences of acoustic trauma raises more awareness
in society about the traumatizing effects of overexposure. Above all, advances in research
on neurophysiological correlates of acoustic trauma, tinnitus, and hyperacusis might provide
new avenues to discover treatments that alleviate the burden for patients suffering from
these debilitating conditions. Contributing to that goal was my motivation in conducting this
research.
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Summary
Acoustic Trauma
Damage caused by prolonged exposure to loud noise is called acoustic trauma. The most
well-known consequence of acoustic trauma is an increase in hearing thresholds, i.e. hearing
impairment. However, acoustic trauma can also cause ringing in the ears, which is called
tinnitus in medical terms. Tinnitus is a common phenomenon: nearly 90% of adolescents
report having had a tinnitus at least once. However, there are also people who constantly
have tinnitus. This can be very disabling. Additional symptoms that are common with
tinnitus are difficulties with concentrating, insomnia, and stress, which can sometimes turn
into depression and even attempted suicides. Furthermore, acoustic trauma can also cause
hyperacusis, a condition in which the patient is hypersensitive to sounds of normal volume.
Unfortunately, at present there are no treatments available that are able to consistently cure
tinnitus and hyperacusis.
One reason for the lack of a treatment is the fact that we do not completely
understand the underlying mechanisms of tinnitus and hyperacusis. It is known that, in
addition to damage in the ear, the brain also plays an important role in the development
of tinnitus and hyperacusis. Therefore most of the research described in this dissertation is
focused on the brain. More specifically, I studied the consequences of acoustic trauma on
the function of the brain: in other words, the neurophysiological consequences of acoustic
trauma. Because neurophysiology in humans can only be studied indirectly, the current
studies were conducted in laboratory animals. The last chapter is devoted to the question of
how we can determine if animals have tinnitus or hyperacusis. The overarching purpose of
this dissertation is to contribute to the development of an animal model to test treatments for
tinnitus and hyperacusis.

Recording brain activity in a laboratory animal
The central auditory system is defined as the brain areas that are processing acoustic
information (see the figure on the front page of this dissertation). The brain cells (neurons)
in these regions communicate with each other by means of electrical signals, or action
potentials. By analyzing the patterns of these action potentials, the processing of sound
can be studied. Action potentials of neurons can be recorded by implanting an electrode
in the brain of the experimental animal. The rate at which a neuron fires action potentials
is also called the neural activity. By presenting specific sounds, different auditory neurons
increase or decrease their spontaneous neural activity, which is referred to as excitation and
inhibition, respectively. Chapter 2 shows that acoustic trauma results in a disturbed balance
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between excitation and inhibition. In particular, the number of neurons showing inhibition is
decreased after acoustic trauma.
This result was subsequently confirmed and further investigated by analyzing
neural activity using the Wiener kernel technique. Wiener kernels are determined by crosscorrelating the presented sound with the evoked action potentials. The sound frequencies to
which the neuron responds can be extracted from these kernels. It can also be determined
whether this response is excitatory or inhibitory. In Chapter 4, the application of the Wiener
kernel technique is described for neural activity of the inferior colliculus. Next, in Chapter 5,
Wiener kernels are applied on neural activity measured before and immediately after acoustic
trauma. By calculating the Wiener kernels we have gained more insight into the balance
between excitation and inhibition in neurons of normal-hearing animals and how this balance
is disturbed due to acoustic trauma. It turns out that mainly in mid-frequency neurons, which
respond to frequencies just below the trauma frequency, no inhibition and only excitation is
present after acoustic trauma.
Decreased inhibition in auditory neurons will generally lead to higher firing rates
in response to sound. It can be assumed that this will cause sounds to be perceived louder
than normal. Thus, reduced inhibition might lead to hyperacusis. This is part of the reason
why this dissertation asserts that an acoustic trauma-induced disturbed balance between
excitation and inhibition could be an underlying mechanism of hyperacusis.
Neurons of the auditory system also code for the slower fluctuations of the amplitude
of a sound (the amplitude modulations). These are encoded for by timing the action potentials
at a specific phase of the amplitude modulation, also called phase locking. Chapter 3 describes
the effects of acoustic trauma on the degree of phase locking in the inferior colliculus. It
appears that neurons respond more strongly to amplitude modulations after acoustic trauma.
This may underlie the problems that people with hearing loss encounter with understand
speech in fluctuating (amplitude modulated) background noise.

How can we ask a guinea pig if he has tinnitus or hyperacusis?
In order to determine whether acoustic trauma-induced abnormalities in neural activity
correlate with tinnitus or hyperacusis, behavioral models have been developed. A behavioral
model is defined as a method which can determine from the behavior of the animal whether
it has tinnitus or hyperacusis. Models that determine tinnitus are based on the assumption
that the animal with tinnitus does not perceive silence. This dissertation describes a potential
new method to determine tinnitus (and perhaps hyperacusis) in a laboratory animal, in this
case, the guinea pig. This method is based on the finding that guinea pigs show different
natural behavior during noise and in silence. In silence, they sit still and in noise, guinea pigs
will move and walk around. Chapter 6 shows that guinea pigs that have been exposed to
acoustic trauma are also active during the silent intervals. This suggests that they may not
have perceived silence and have tinnitus. When it has been determined whether the degree
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of activity during sound correlates with sound intensity, this method could possibly also be
used to determine hyperacusis in laboratory animals.

Conclusions
In summary, this dissertation shows that acoustic trauma is not limited to hearing loss in the ear,
but also has several consequences for the processing of sound in the central auditory system.
Acoustic trauma disturbs the balance between excitation and inhibition in the mid-frequency
neurons and enhances the response to amplitude modulations in the inferior colliculus. These
findings, in combination with the proposed new behavior model, will potentially contribute to
the development of an animal model in which a direct relationship can be established between
the neurophysiological effects of acoustic trauma and the presence of tinnitus or hyperacusis.
Such an animal model opens new pathways for further investigation of the mechanisms of
tinnitus and hyperacusis, and for the development of treatments.
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Geluidstrauma
De schade die je op kan lopen door langdurige blootstelling aan hard geluid wordt
geluidstrauma genoemd. Het meest bekende gevolg van geluidstrauma is een verhoging
van de gehoordrempels, oftewel slechthorendheid. Echter, geluidstrauma kan ook leiden tot
oorsuizen, ook wel tinnitus genoemd in medische termen. Tinnitus komt veel voor; bijna 90%
van de adolescenten zegt wel eens tinnitus te hebben gehad. Echter, er is ook een groep mensen
die constant een tinnitus heeft. Hier kan men veel last van krijgen. Bijkomende klachten
die vaak voorkomen met langdurige tinnitus zijn concentratieproblemen, slapeloosheid
en stress, welke soms over kunnen gaan in depressie en zelfs zelfmoordneiging. Verder kan
geluidstrauma ook leiden tot hyperacusis, een conditie waarin de patiënt overgevoelig is
voor geluiden met normale geluidssterkte. Helaas zijn er tot op heden geen behandelingen
beschikbaar die tinnitus en hyperacusis kunnen doen verdwijnen.
Een van de redenen voor het ontbreken van een behandeling is het feit dat we de
onderliggende mechanismes van tinnitus en hyperacusis nog niet precies begrijpen. Wel is
bekend dat, naast gehoorschade in het oor, de hersenen ook een belangrijke rol spelen bij het
ontstaan van tinnitus en hyperacusis. Het grootste deel van het onderzoek dat is beschreven
in dit proefschrift is daarom gericht op de hersenen. In deze studies worden de consequenties
van geluidstrauma op de functie van de hersenen, oftewel de neurofysiologische consequenties
van geluidstrauma, bestudeerd. Omdat neurofysiologie in de mens alleen indirect bestudeerd
kan worden is het huidige onderzoek uitgevoerd in proefdieren. Het laatste hoofdstuk is
gewijd aan de vraag of we kunnen vaststellen of het proefdier tinnitus of hyperacusis heeft.
Het doel van dit proefschrift is om bij te dragen aan de ontwikkeling van een proefdiermodel
voor het testen van behandelingen voor tinnitus en hyperacusis.

Meten van hersenactiviteit in een proefdier
Een deel van de hersenen is voornamelijk gericht op het verwerken van geluid. Deze gebieden
worden samen ook wel het centraal auditief systeem genoemd (zie de figuur op de voorpagina
van dit proefschrift). De hersencellen (neuronen) in deze gebieden communiceren met
elkaar door middel van elektrische signalen, de actiepotentialen. Door de patronen van
deze actiepotentialen te analyseren kan de verwerking van geluid bestudeerd worden.
Actiepotentialen van neuronen kunnen gemeten worden door een elektrode te implanteren
in de hersenen van het proefdier. De vuurfrequentie waarmee een neuron actiepotentialen
afgeeft wordt ook wel de neurale activiteit genoemd. Door het aanbieden van specifieke
geluiden wordt de spontane neurale activiteit van verschillende neuronen dan wel verhoogd
(excitatie) of verlaagd (inhibitie). Hoofdstuk 2 laat zien dat geluidstrauma resulteert in een
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verstoorde balans tussen excitatie en inhibitie. Met name het aantal neuronen dat inhibeert
is verminderd na geluidstrauma.
Dit resultaat is vervolgens bevestigd en verder onderzocht door de neurale activiteit
te analyseren met de Wiener kernel techniek. Wiener kernels worden uitgerekend door het
gepresenteerde geluid te correleren met de actiepotentialen. De geluidsfrequenties waarop
het neuron reageert kunnen vervolgens afgeleidt worden uit de kernels. Ook kan bepaald
worden of deze reactie exciterend of inhiberend is. In hoofdstuk 4 wordt de toepassing
van de Wiener kernel techniek op neurale activiteit van de inferior colliculus beschreven.
Vervolgens worden in hoofdstuk 5 Wiener kernels toegepast op neurale activiteit gemeten
voor geluidstrauma en direct na geluidstrauma. Door het uitrekenen van de Wiener kernels
hebben we meer inzicht gekregen in hoe de balans tussen excitatie en inhibitie is opgebouwd
in neuronen van normaalhorende proefdieren en hoe deze balans is verstoord als gevolg van
geluidstrauma. Het blijkt dat er voornamelijk in de mid-frequente neuronen, welke reageren
op frequenties net onder de trauma frequentie, wel excitatie maar geen inhibitie meer
aanwezig is na geluidstrauma.
De verminderde inhibitie zal in het algemeen leiden tot een hogere vuurfrequentie
van auditieve neuronen in response op geluid. We nemen aan dat dit er toe zal leiden dat
geluiden over het algemeen als luider worden waargenomen. De verminderde inhibitie zou
daarmee kunnen leiden tot hyperacusis. Mede daardoor wordt er in dit proefschrift gesteld dat
de verstoorde balans van excitatie en inhibitie als gevolg van geluidstrauma een onderliggende
pathologie is van hyperacusis.
Neuronen in het auditief systeem coderen ook voor de langzamere veranderingen
van de sterkte van het geluid (de amplitude modulaties). Neuronen coderen hiervoor door
hun actiepotentialen precies te timen met een bepaalde fase van de amplitude modulatie, ook
wel phase locking genoemd. Hoofdstuk 3 beschrijft de consequenties van geluidstrauma op
de mate van phase locking in de inferior colliculus. Het blijkt dat neuronen sterker reageren
op de amplitude modulaties na geluidstrauma. Dit kan ten grondslag liggen aan de problemen
die mensen met gehoorverlies ervaren met het verstaan van spraak in fluctuerende (amplitude
gemoduleerde) achtergrond geluiden.

Hoe kunnen we aan een cavia vragen of hij tinnitus of
hyperacusis heeft
Om te bepalen of de afwijkingen in hersenactiviteit correleren met tinnitus of hyperacusis,
zijn er gedragsmodellen ontwikkeld. Onder een gedragsmodel wordt een methode verstaan
waarbij uit het gedrag van een proefdier kan wordt opgemaakt of hij tinnitus of hyperacusis
heeft. De methodes voor het bepalen van tinnitus zijn gebaseerd op de aanname dat een
proefdier geen stilte kan ervaren wanneer hij tinnitus heeft. Dit proefschrift beschrijft een
mogelijk nieuwe methode om tinnitus (en wellicht hyperacusis) te bepalen in een proefdier,
in dit geval de cavia. Deze methode is gebaseerd op de bevinding dat cavia’s verschillend
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natuurlijk gedrag laten zien in ruis en in stilte. In stilte zitten cavia’s stil en in ruis zullen
ze bewegen en rondlopen. Hoofdstuk 6 laat zien dat cavia’s die zijn blootgesteld aan
geluidstrauma ook actief worden tijdens de stilte intervallen. Dit suggereert dat ze de stilte
niet ervaren en mogelijk tinnitus hebben. Wanneer er is vastgesteld of de mate van activiteit
tijdens geluid correleert met de luidheid van de ruis zou dit wellicht gebruikt kunnen worden
voor het vaststellen van hyperacusis in het proefdier.

Conclusies
Samenvattend toont dit proefschrift dat geluidstrauma niet beperkt blijft tot gehoorschade
in het oor, maar ook diverse consequenties heeft voor de verwerking van geluid in het
centraal auditief systeem. Geluidstrauma verstoord de balans tussen excitatie en inhibitie
in midfrequente neuronen en versterkt de reactie op amplitude modulaties in de inferior
colliculus. Deze bevindingen, in combinatie met het voorgestelde nieuwe gedragsmodel,
zullen mogelijk bijdragen aan de ontwikkeling van een proefdiermodel waarin een directe
relatie gelegd kan worden tussen de neurofysiologische consequenties van geluidstrauma
en de aanwezigheid van tinnitus of hyperacusis. Een dergelijk proefdiermodel opent nieuwe
paden voor het verder onderzoeken van de mechanismes van tinnitus en hyperacusis en voor
het ontwikkelen van behandelingen.
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