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Abstract

Tinnitus, sound perception in the absence of physical stimuli, occurs in 15% of the population, and
is the top-reported disability for soldiers after combat. Noise overexposure is a major factor
associated with tinnitus but does not always lead to tinnitus. Furthermore, people with normal
audiograms can get tinnitus. In animal-models, equivalent cochlear damage occurs in animals with
and without behavioral evidence of tinnitus. But, cochlear-nerve recipient neurons in the brainstem
demonstrate distinct, synchronized spontaneous firing patterns only in animals that develop
tinnitus, driving activity in central brain regions and ultimately giving rise to phantom perception.
Examining tinnitus-specific changes in single-cell populations enables us to begin to disctinguish
neural changes due to tinnitus from those that are due to hearing loss.

In Brief
In *‘Mechanisms of noise-induced tinnitus: Insights from cellular studies’
Shore and Wu discuss single-neuron studies showing distinct brainstem signatures in animals with

behavioral evidence of tinnitus. Transmission of tinnitus-specific, synchronous activity to cortex is
necessary for eventual phantom perception.
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Introduction

For those estimated 15 million in the United States and quarter billion people worldwide
with debilitating tinnitus (McCormack et al., 2016; Shargorodsky et al., 2010), the sound of
silence is a dream out of reach. For decades no gold standard of treatment has existed due to
limited understanding of the mechanisms underlying the generation of the phantom sounds,
commonly called tinnitus. With the advent of new technologies and innovative approaches
some light is now being shed on the neural processes involved and new and innovative
treatments are emerging.

Scientists generally agree that tinnitus is generated within the brain in response to a
reduction of auditory nerve fiber input from the cochlea to the brain. By far the major cause
of cochlear damage resulting in deafferentation is environmental noise overexposure
(Agrawal et al., 2008, 2009). Even in cases where there is no measurable change in
audiometric thresholds after noise exposure, loss of auditory nerve synapses in the cochlea
can occur (see ‘hidden hearing loss’, below). Cochlear synaptopathy can result in tinnitus
when accompanied by homeostatic and timing-dependent plasticity beginning in the first
brain station that receives input from the cochlea, the cochlear nucleus (CN). As will be
described below, noise-induced cochlear synaptopathy appears to be necessary but not
sufficient to produce tinnitus because animals with equivalent synaptopathy but lacking the
requisite neural plasticity do not show behavioral evidence of tinnitus (Heeringa et al.,
2018a; Li et al., 2015; Marks et al., 2018; Wu et al., 2016). Careful study of the mechanisms
and time course of changes to neural-plasticity, or metaplasticity, is necessary for the
development of treatments to reverse pathological plasticity, as evidenced by recent
advances in translating animal models into human clinical trials (De Ridder et al., 2014;
Engineer et al., 2011; Marks et al., 2018).

While perception ultimately takes place in the auditory cortex, current theories of cortical
involvement in tinnitus presume that the auditory cortex receives decreased excitatory input
due to cochlear deafferentation. This assumption is, however, erroneous, because a plethora
of literature documents unequivocally that while the output of the cochlea to the CN is
decreased, the output of the first auditory brain station is increased after deafferentation due
to homeostatic or timing-dependent plasticity. The tinnitus-specific increases that are
observed in CN neural spontaneous rates and synchrony are also evident in target nuclei in
the medial geniculate body, but so far there is no consensus as to whether these are also
conveyed to the inferior colliculus along the ascending auditory pathway (Fig. 1). The
alternate route to the auditory cortex would be the direct connection from CN to the
thalamus, which bypasses the inferior colliculus. While tinnitus pathophysiology likely
involves the descending (corticofugal) pathways as well as the ascending pathways, that
evidence is currently lacking. Thus, the focus of this review is on the generation of tinnitus
in the CN and its likely route of transmission to the midbrain, thalamus and ultimately
cortex.
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Information flow and multimodal integration in the cochlear nuclei

The CN, as the immediate recipient of auditory nerve fiber input to the brain, plays an
important task in funneling ascending information to the rest of the brain. Distinct cell types
(Fig. 2), with different intrinsic physiological properties and synaptic inputs, form parallel
pathways subserving distinct functions (Cant and Benson, 2003). The major excitatory
output neurons of the ventral CN (VCN) are spherical and globular bushy cells that project
bilaterally to superior olivary nuclei as well as T-stellate cells that project to contralateral
SOC and IC. Inhibitory D-stellate neurons project to the contralateral CN and ipsilateral
dorsal CN (DCN)(Arnott et al., 2004; Bledsoe et al., 2009)(Fig. 1). Fusiform cells are the
principal output neurons of DCN projecting to the contralateral inferior colliculus (1C) and
the medial geniculate (MG) (Anderson et al., 2006; Malmierca et al., 2002). Inhibitory inter-
neurons in DCN and VCN also play important roles in modulating the temporal and spectral
processing of principal neurons (Caspary et al., 1994; Moller, 1975; Wu and Shore, 2018).
In addition to processing cochlear input, many cell types in the CN also receive multimodal
input from somatosensory, vestibular, and reticular brain areas (Ryugo et al., 2003; Shore
and Moore, 1998; Shore et al., 2000; Zhou and Shore, 2004). These projections terminate
primarily onto granule cells, whose axons form parallel fibers and synapse on fusiform and
cartwheel cells. Bushy cells and D-stellate cells in the anteroventral CN also receive
axodendritic somatosensory inputs (Heeringa et al., 2018b; Wu and Shore, 2018), which
modulate coding of monaural as well as binaural sound localization.

Is it tinnitus or is it hearing loss?

A challenge for the field is the undisputed connection between hearing loss and tinnitus.
Because most subjects (animal and human) with tinnitus also have some degree of hearing
loss (even if undetectable by the audiogram — see ‘hidden hearing loss’ below) it is often
impossible to determine the contribution of hearing loss to tinnitus-related measures. This is
particularly the case with human studies because the amount of cochlear damage cannot be
experimentally controlled. On the other hand, while it is possible to precisely titrate the
noise-exposure to produce expected cochlear damage in animals, the field has been
challenged by difficulties with the development of reliable behavioral tests to signal the
presence or absence of tinnitus in animals, as they are unable to tell us whether or not they
have tinnitus. The increasingly utilized gap prepulse inhibition of the acoustic startle
(GPIAS) technique (Berger et al., 2013; Turner et al., 2006), while providing reproducible
results and valuable insights into tinnitus pathophysiology in animal models, can be affected
by hearing loss, and therefore can only reliably be used if there is no measurable hearing
loss in animals subjects. Even “hidden’ hearing loss could affect the perception of a silent
gap in a background noise (Lauer et al., 2019). Therefore, this review has confined itself to
studies in which hearing thresholds have returned to normal by the time of tinnitus
assessment, and in which thresholds or suprathreshold hearing are equivalent in animals
defined as having, or not having tinnitus. Furthermore, while GPIAS has not yet been fully
confirmed in human subjects (Fournier and Hebert, 2016), in a key study, Fournier and
Hebert (2013) demonstrated that humans with tinnitus did indeed demonstrate overall
decreased startle reflexes in tinnitus subjects, as shown in animals. However, the underlying
theory of “tinnitus filling the gap” could not be confirmed (see Galazyuk and Hebert, 2015).
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A plausible reason for this failure could be the high variability of eye blink startle responses
demonstrated in human studies (Wilson et al., 2019). While further evidence in human
studies is necessary to fully validate GPIAS in animals, well-controlled animal studies using
GPIAS have led to the identification of physiological tinnitus signatures that are reproduced
by studies using operant behavioral techniques (Brozoski et al., 2002; Kaltenbach et al.,
2004; Zhang et al., 2016). Nonetheless, further studies are necessary to evaluate the extent to
which GPIAS is a specific read-out for tinnitus or also reflects other plastic changes in brain
circuits

While in studies with humans, it is difficult to separate effects due to hearing loss from those
due to tinnitus, animal-model studies are able to carefully titrate noise exposure to produce
temporary (TTS) rather than permanent threshold shifts (PTS) as well as limited
suprathreshold hearing deficits. These studies can provide valuable insights into the
differences between animals that develop tinnitus compared to those that do not develop
tinnitus, which are distinct from those produced from hearing loss (Li et al., 2015; Wu et al.,
2016).

The distribution of animals with and without evidence of tinnitus after TTS-producing noise
exposure varies from 40-80%, across different studies (Kalappa et al., 2014; Li et al., 2015;
Longenecker and Galazyuk, 2011; Wu et al., 2016). Examining the neural changes in
animals with- and without behavioral evidence of tinnitus has revealed changes in the brain
that are then ‘tinnitus-specific’ versus ‘hearing-loss contaminated’. For example, two studies
from independent labs demonstrated alterations in CN neural activity that were correlated
with tinnitus behavior but not with changes in auditory brainstem response (ABR) thresholds
or suprathreshold ABR wave-1 amplitude (i.e., ABR responses to increasing levels of
intensity) (Li et al., 2015; Wu et al., 2016). A subsequent study showed that alterations in
vesicular glutamate transporters in the cochlear nucleus correlated with tinnitus behavior but
not with ABRs or cochlear synaptopathy (Heeringa et al., 2018a)(Fig. 3). These studies
suggest that because the changes occurring in the brain appear to be independent of cochlear
damage status, the distinct changes that are observed in the brains of animals with
behavioral evidence of tinnitus are indeed changes that are related to tinnitus itself and not to
the peripheral, cochlear changes. On the other hand, the absence of changes in the brains of
animals without behavioral evidence of tinnitus tell us something important about those
animals’ resilience to tinnitus.

Where does tinnitus begin?

Animal-model studies have demonstrated that after noise exposures that lead to some
damage of the cochlea, neurons in both the dorsal and ventral divisions of the first auditory
brain station, the cochlear nucleus (Fig. 2), show increased SFR (Bledsoe et al., 2009;
Kaltenbach and Afman, 2000; Kaltenbach et al., 1998; Kaltenbach and McCaslin, 1996;
Vogler et al., 2011). In order to distinguish whether these effects are simply a reflection of
cochlear-damage induced events or whether they are tinnitus-specific, several studies have
expanded this approach to distinguish the animals in terms of whether they demonstrate
behavioral evidence of tinnitus (Brozoski et al., 2002; Dehmel et al., 2012; Kaltenbach et al.,
2004; Koehler and Shore, 2013a; Wu et al., 2016). These studies have provided insights by
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examining the neural changes in the CN and at different levels of the auditory system that
are specific to animals with evidence of tinnitus and absent in those without tinnitus, starting
in the DCN.

Dorsal cochlear nucleus

Using recordings from single neurons in the DCN, researchers from several different
laboratories have demonstrated increased SFR in fusiform cells with best frequencies (BFs)
close to the noise-exposure spectrum that occur immediately (Gao et al., 2016), as well as
weeks after the noise damage (Kaltenbach et al., 2000). When behavioral tinnitus tests were
employed, several of these studies also demonstrated that the increases in SFR were
restricted to animals with behavioral evidence of tinnitus (GPIAS and operant) and
correlated with tinnitus severity (Kaltenbach et al., 2004; Wu et al., 2016). A recent study
showed that in addition to increases in SFR, there were also increases in cross-unit spike
correlations or synchrony in animals with tinnitus but not in those without tinnitus (Wu et
al., 2016). The increases in SFR and principal-neuron synchrony correlated strongly with
tinnitus severity (Wu et al., 2016). The finding of increased synchrony between neurons in
animals with tinnitus is especially important because cross-unit synchrony could potentially
create perceptual grouping of auditory objects through neural patterns (1lin et al., 2013) and
thereby be transmitted to higher auditory centers to lead to the perception of a phantom
sound in the absence of a physical stimulus.

Role of DCN in tinnitus generation and maintenance—In addition to consistent
physiological correlates observed in DCN, lesion studies have further established that
changes in neural-circuit activity associated with tinnitus initially occur in the DCN after
noise-exposure. First, DCN lesions prior to noise exposure prevented tinnitus generation in
rodents (Brozoski et al., 2012). Furthermore, after tinnitus-related changes were already
established, transection of cochlear and descending inputs to DCN had no effects on the
established increases in SFR (Zacharek et al., 2002; Zhang et al., 2006), suggesting that
tinnitus arises de novo in DCN. A separate study, however, showed that DCN lesions failed
to abolish tinnitus that was establish a priori (Brozoski and Bauer, 2005). The results of
Brozoski and Bauer (2005) led to the conclusion that DCN is essential in tinnitus generation
but not necessarily tinnitus maintenance. But it is important to note that the DCN lesions
that study were incomplete and it was acknowledged by the authors that a small portion of
DCN could probably maintain tinnitus signals and transmission to higher stations — as
shown subsequently by Manzoor et al. (2012).

What are the factors underlying increased SFR and synchrony in DCN?—
Several studies have demonstrated that homeostatic and long-term plasticity are altered in
the CN after cochlear damage. Even a partial reduction of auditory nerve input to the DCN
or VCN can result in decreased levels of inhibitory neurotransmitters including glycine and
GABA as well as in alterations in their receptors on fusiform cells (Middleton et al., 2011,
Wang et al., 2009). But importantly, in addition to the decrease in inhibitory
neurotransmitters, there are also increases in excitatory neurotransmission as indicated by
increases in vesicular glutamate transporters in different regions of CN and increases in
glutamate receptors on principal neurons after both severe and partial cochlear damage
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(Barker et al., 2012; Heeringa et al., 2016; Heeringa et al., 2018a; Wang et al., 2009; Zeng et
al., 2009). Furthermore, a recent study demonstrated that the increase in glutamatergic
excitatory transmission was restricted to animals with behavioral evidence of tinnitus in CN
regions associated with non-auditory pathways (Heeringa et al., 2018a). Other studies
revealed that the upregulation of glutamatergic neurotransmission is due to an increased
number of excitatory non-auditory projections to the CN (Zeng et al., 2012).

Potassium channels and HCN channels have been shown to be important for tinnitus
generation and resilience (Li et al., 2013; Li et al., 2015; Pilati et al., 2012a; Pilati et al.,
2012b). In studies on mice, Li et al. (2015) demonstrated that noise-induced tinnitus
developed in mice that did not compensate for a reduction in KCNQZ2/3, while those that did
not develop behavioral evidence of tinnitus (using GPIAS) showed a re-emergence of
KCNQ2/3 channel activity as well as a reduction in HCN channel activity. In addition to
KCNQ?2/3 (also termed Kv7), Pilati et al. (2012b) showed that reduction in Kv3 current
underlies increased fusiform-cell bursting. Together with increased excitatory
neurotransmission and decreased inhibitory neurotransmission, changes in intrinsic
membrane excitability in DCN are associated with the development of tinnitus.

Spike timing dependent plasticity demonstrated /n vitro (Tzounopoulos et al., 2004) and
its macroscopic /n vivo correlate, stimulus timing dependent plasticity (STDP) (Koehler
and Shore, 2013b; Wu et al., 2015), are processes regulating neural activity in the DCN.
Spike timing dependent plasticity is evaluated by the order of pre-and post-synaptic activity
as well as by NMDA and acetylcholine modulation (Stefanescu and Shore, 2015, 2017). /n
vitro when presynaptic activation of parallel-fiber synapses precedes spikes in fusiform cells,
long term potentiation (LTP) occurs (Hebbian plasticity). Similarly, in normal animals /n
vivo, stimulation of somatosensory nuclei that activate parallel fibers prior to sounds that
elicit spikes in fusiform cells demonstrate primarily long term potentiation (LTP) (Koehler
and Shore, 2013b). The reversed order elicits long term depression (LTD) /n vitroand in
vivo (Wu et al., 2015). However, in animals with tinnitus, assessed by GPIAS, fusiform cells
show altered STDP with enhanced LTP (Fig. 4). In contrast, animals that did not develop
tinnitus showed instead increased LTD (Koehler and Shore, 2013a; Marks et al., 2018).
NMDA receptor changes as well as acetylcholine-mediated neuromodulation (Jin et al.,
2006; Kaltenbach and Zhang, 2007; Stefanescu and Shore, 2015) play important roles in
these effects (D’amour and Froemke, 2015). As postulated by modeling studies (Talathi et
al., 2008), spike timing dependent plasticity plays a role in the increased synchronization
between fusiform cells observed in animals with tinnitus (Marks et al., 2018).

Ventral Cochlear Nucleus

Like the DCN, recordings from single units in the VCN have revealed increases in SFR after
cochlear damage or even conductive hearing loss (Bledsoe et al., 2009; Sumner et al., 2005;
Vogler et al., 2011, 2014), supporting the possibility that the VCN could contribute to
tinnitus generation in the brainstem along with fusiform cells of the DCN. Human studies
demonstrating altered ABR waveforms in tinnitus patients support the view that VCN as
well as the DCN might be involved in tinnitus (Gu et al., 2012). Indeed, bushy cells in the
VCN, by virtue of their large onset responses to sound, generate a synchronized volume-
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conducted potential that largely constitutes the summed activity known as the ABR
(Melcher and Kiang, 1996).

However, to date, there are no published studies that have demonstrated tinnitus-specific
increases in SFR in the VCN using a behavioral tinnitus model. Thus, at the present time,
neurons in the DCN can be considered the location where reduced auditory nerve input
initiates increased SFR and synchrony as the first physiological hallmarks of tinnitus, which
are then conveyed to higher subcortical and cortical areas.

Not everyone with hearing loss develops tinnitus

Although tinnitus is associated with hearing loss, there is a high percentage of people that
does not develop tinnitus after a history of noise exposure (Axelsson and Sandh, 1985;
Konig et al., 2006) — suggesting that cochlear damage may be necessary for tinnitus to
develop, but it is not sufficient. In animal model studies, only about half of noise-exposed
animals develop tinnitus, the others are resistant to tinnitus development after the same noise
exposures. These studies have demonstrated important differences between these groups:
For example, in one study the distribution of glutamatergic inputs from non-cochlear sources
to the CN was increased in animals that developed tinnitus but not in those that did not
develop tinnitus (Heeringa et al., 2018a). Importantly, the cochleas of the animals in that
study, while showing evidence of minor cochlear synaptopathy after a TTS-inducing noise
exposure, showed no differences in cochlear synapses between those that did or did not
develop tinnitus (Fig. 3). In another study, in which animals with and without tinnitus had
equivalent cochlear synaptopathy, also reflected by equivalent ABR thresholds and wave 1
amplitudes, the animals with evidence of tinnitus showed increased SFR and cross-unit
synchrony of DCN fusiform cells compared to normal, while the animals that did not
develop tinnitus showed normal SFR and synchrony (Wu et al., 2016). In a study from a
different laboratory, in which animals with and without evidence of tinnitus had equivalent
ABR thresholds and wave 1 amplitudes. the animals with evidence of tinnitus had reduced
Kv7.2/3 channel activity in DCN fusiform cells, while those without tinnitus displayed
normal channel activity, suggesting that intrinsic membrane properties are altered in animals
developing tinnitus, but not in those that do not develop tinnitus after noise exposure (Li et
al., 2013), even though cochlear function appeared to be equivalent.

Consistent with findings in humans that tinnitus subjects can have clinically normal
audiograms (Schaette and McAlpine, 2011; Xiong et al., 2013), animal models with TTS are
efficacious as they enable findings of neural changes that can be more readily attributed to
central homeostatic or timing dependent plasticity without confounds of changes in auditory
thesholds or suprathreshold hearing. Two studies that report only a temporary threshold shift
after noise exposure demonstrated increased levels of long-term depression in animals that
did not develop tinnitus. In contrast, the animals with the same cochlear profiles that
developed tinnitus showed more long-term potentiation and less long-term depression
(Dehmel et al., 2012; Koehler and Shore, 2013a). Furthermore, these studies have shown
that tinnitus severity is correlated with physiological or molecular changes so that the more
severe the tinnitus, the greater the likelihood of observing increased SFR, synchrony or
bursting in the DCN (Heeringa et al., 2018a; Wu et al., 2016). Molecular changes included
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an upregulation of glutamatergic inputs from non-auditory sources, including the
somatosensory system (Zeng et al., 2009; Zeng et al., 2012).

Somatosensory pathways contribute to tinnitus

Many people with tinnitus can modulate its intensity and frequency by moving parts of their
face or neck (Levine et al., 2007; Simmons et al., 2008). This observation points to a
potential role for somatosensory (or motor) projections in tinnitus. Somatosensory
projections innervate the peripheral-most sites of the auditory system, beginning at the CN.
These projections originate in trigeminal and dorsal column ganglia and brain stem
(Haenggeli et al., 2005; Wright and Ryugo, 1996; Zhou and Shore, 2004) and terminate
primarily on the CN granule cells (Weedman et al., 1996). The parallel-fiber axons of the
granule cells synapse on the apical dendrites of DCN fusiform cells while the cochlear
auditory nerve fibers terminate on their basal dendrites, thus rendering fusiform cells ideal
integrators of multisensory information. Because the somatosensory system connects
indirectly to fusiform cells via their apical dendritic synapses, which are plastic (Fujino and
Oertel, 2003), somatosensory influences on these principal cells are plastic and long lasting,
while the auditory nerve synapses onto basal dendrites are not (Dehmel et al., 2012; Kanold
et al., 2011). Multimodal stimulation of fusiform cells elicits the macroscopic equivalent of
spike timing dependent plasticity, or stimulus timing dependent plasticity (Koehler and
Shore, 2013b).

Interestingly, after cochlear damage, which reduces auditory nerve activation of fusiform
cells, the number of somatosensory projections were shown to be upregulated over a time
interval of days (Zeng et al., 2009; Zeng et al., 2011; Zeng et al., 2012), likely contributing
to the heightened fusiform-cell responses observed in response to stimulation of brainstem
somatosensory nuclei (Shore et al., 2008). This effect is likely due to the increased
glutamatergic neurotransmission from somatosensory fibers following loss of input from
auditory pathways (Heeringa et al., 2018a; Zhou et al., 2007). Increases in markers of
glutamatergic transmission from non-auditory nuclei were found to be tinnitus-specific:
animals with behavioral evidence of tinnitus showed increases in VGLUT2 expression in
regions receiving somatosensory innervation, while animals without tinnitus did not show
these increases (Heeringa et al, 2018). Tinnitus-related changes in auditory-somatosensory
integration by the fusiform cells including increased long-term potentiation (Koehler and
Shore, 2013a; Marks et al., 2018), were likely mediated by the increased non-auditory
glutamatergic innervation (Barker et al., 2012; Zeng et al., 2009). Importantly, animals that
did not develop tinnitus instead displayed increased long-term depression at fusiform
synapses. The long-term potentiation vs depression outcomes for those animals with, or
without tinnitus, involve a complex interplay between multiple mechanisms involved in
homeostatic and spike-timing dependent plasticity. These significant alterations in
processing of multisensory information in the CN, which are transmitted to the auditory
cortex (Basura et al., 2012), likely contribute to the ability of tinnitus sufferers to manipulate
the intensity and frequency of their tinnitus by stimulating or moving their face and neck
(Levine et al., 2003; Sanchez and Rocha, 2011), regions providing somatosensory
innervation of the CN (Zhan et al., 2006; Zhou and Shore, 2004, 2006). This so-called
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“somatic tinnitus” or “somatosensory tinnitus” occurs in up to 80% of humans with tinnitus
(Levine et al., 2003; Sanchez and Rocha, 2011).

Transmission of tinnitus-related SFR and synchrony to higher centers

Inferior colliculus

The inferior colliculus (I1C) integrates input from nearly all ascending auditory brainstem
nuclei, including second-order neurons in the CN that encode tinnitus-specific neural
activity (Fig. 1). One would therefore predict that the tinnitus phenotype would be relayed to
neurons in the IC and progressively central auditory centers. Indeed, increased IC activity
has been demonstrated by human imaging studies (Lanting et al., 2008; Melcher et al.,
2000), which may reflect increased SFR (reviewed by Berger and Coomber, 2015). A series
of studies have demonstrated that that the presence of increased SFR in IC is dependent on
increases in SFR already present in the DCN (Manzoor et al., 2013; Manzoor et al., 2012).
However, intrinsic processes in IC neurons may further contribute to the transmitted activity,
through a tinnitus-specific alteration in the excitatory-inhibitory synaptic balance (Sturm et
al., 2017). Because neural correlates of tinnitus in IC do not appear to arise independently of
CN input, any intrinsic changes in IC related to tinnitus are likely also triggered by the
already heightened SFR generated by principal output neurons of the CN.

How tinnitus-specific changes in fusiform cells, bushy cells, or (possibly) stellate cells in the
CN are conveyed to the IC would depend on their target cells in the central (ICC) and
external nucleus (ICX) neurons. A challenge in identifying tinnitus correlates in IC is that, in
contrast to the CN, there are no physiologically- or morphologically-identified cell types that
correspond to clearly-defined inputs and outputs (Palmer et al., 2013; Wallace et al., 2012),
with the possible exception of the large GABAergic neurons (Geis and Borst, 2013). It is
likely that only the IC cells receiving predominantly CN projections and driven strongly by
excitatory input would replicate the tinnitus phenotype generated in CN. Furthermore,
extensive intrinsic inhibitory connections within the IC (Ito et al., 2015; Sturm et al., 2014)
could strongly modulate the spontaneous activity directly transmitted from CN. Thus,
recording from a random sample of IC units, without identification of specific cell types or
input origins, may not readily reveal tinnitus correlates.

Several studies have attempted to classify ascending projection patterns in the ICC based on
their origins in the CN or superior olivary complex (Cant and Benson, 2006; Chen et al.,
2018; Loftus et al., 2010; Loftus et al., 2008). Two regions and cell types have been
identified as receiving inputs from distinct locations: monaural neurons in rostralateral and
caudal locations that receive terminals originating in contralateral VCN, and dorsolateral
regions that receive inputs from low BF, binaural neurons in ipsilateral MSO (Loftus et al.,
2010). A confound to this picture is that projections from DCN terminate in the same
regions (Cant and Benson, 2006). Moreover, the anatomic separation applies only to
projections onto glutamatergic ICC neurons (Chen et al., 2018). Since glutamatergic and
GABAergic neurons are almost indistinguishable by their physiological properties (Ono et
al., 2017), even directing electrode insertions towards specific zones in IC would be unlikely
to increase cellular specificity of recordings. In the future, the advent of new research
techniques such as optogenetics-assisted circuit mapping and genetic cell-type identification

Neuron. Author manuscript; available in PMC 2020 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shore and Wu

Page 10

(Cardin et al., 2010; Goyer et al., 2018), will enable recordings from specific neuronal
subpopulations to examine potential physiological correlates of tinnitus in the IC.

Like ICC, the ICX also receives projections from CN, but additionally receives numerous
descending and non-auditory projections (Coleman and Clerici, 1987) that form a modular
structure (Lesicko et al., 2016). Outside of these modules, projections from CN and SOC
neurons are diffuse and overlapping (Chen et al., 2018; Loftus et al., 2008). Few studies
have examined ICX for tinnitus-specific activity (Bauer et al., 2008), but as a target of both
DCN and VCN neurons, transmission of tinnitus correlates to ICX neurons is likely.

Do IC neurons show tinnitus-related activity after noise overexposure?

A summary of studies exploring changes in IC after noise damage is shown in Fig. 5A,
highlighting the lack of consensus regarding tinnitus-specific changes in 1C spontaneous
activity. Only a handful of these studies incorporated behavioral tinnitus testing to isolate
tinnitus-specific effects. Some of these studies showed that heightened SFR in IC, as in
DCN, is present predominantly in animals with behaviorally-confirmed tinnitus (Bauer et
al., 2008; Longenecker and Galazyuk, 2011), while others observed increased SFR in all of
their noise-exposed animals regardless of tinnitus status (Berger et al., 2014; Longenecker
and Galazyuk, 2016) or no significant increases in SFR in either group (Ropp et al., 2014).
Furthermore, the degree of SFR increase reported in the IC varies widely across studies.
More importantly, recent studies have not replicated the earlier reports of increased SFR
after noise exposure (Heeringa and van Dijk, 2014; Shaheen and Liberman, 2018). These
inconsistences could arise from different noise-exposure models with different dosages,
methods, species, and amount of residual hearing across studies. However, using a
generalized mixed model, we found that none of the dependent variables — residual hearing
loss (P=0.56), post-exposure time (P=0.16), exposure sound level (P=0.63) and duration
(P=0.53), exposure laterality (P=0.55), species (P=0.28), anesthetic (P=0.44), single vs.
multiunit recording (P=0.67) — were sufficient to explain disparities in SFR across studies.
Exemplary are two studies using the same procedure, same animal models, both with
minimal noise damage (synaptopathy): Hesse et al. (2016) reported increased SFR in the
exposed group while Shaheen and Liberman (2018) did not.

The emerging picture in IC is thus dramatically different from that observed in the DCN,
where multiple research groups across several decades have produced highly consistent
results demonstrating increased SFR after noise exposure, which indeed correlate with
behavioral evidence of tinnitus using both GPIAS and operant conditioning. We surmise that
this consistency can be largely attributed to the homogenous population of principal output
neurons layered across the DCN. In contrast, the lack of specificity across studies of IC may
be due to unresolved circuit heterogeneity (functional zone, cell type, or origin of input).
Tinnitus correlates may exist in a subset of IC neurons but these are not readily revealed
through random sampling.

A subpopulation of IC neurons might encode tinnitus?

Interestingly, we observed a tendency in some studies that reported low SFRs in their control
groups to observe higher SFRs in their noise-exposed groups (Fig. 5B). Sampling biases due
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to different recording techniques are unlikely, as even within the same study (Ropp et al.,
2014), greater SFR increase was observed in unit types with low control SFRs. Without
direct comparisons before and after noise-exposure, the relationship between baseline SFR
and increased SFR following noise damage is difficult to prove, but the trend implies that
low SFR neurons could comprise a specific cell type in the IC that encodes tinnitus-related
increases in SFR.

Few IC studies have quantified the physiological characteristics of units with increased SFR.
But one study (Bauer et al., 2008) performed a multivariate analysis on spontaneous activity
patterns and found that increased SFRs were confined to units with regular firing patterns
(low 1SI variance) and high burst rates (1k spikes per second). A second study (Ropp et al.,
2014) showed that increased SFR was more pronounced in units with classical V-shaped
receptive fields with strong excitatory areas. In contrast, Vogler et al. (2014), found
increased SFR across all 1C response types, regardless of input-output functions, temporal
response patterns (PSTH), or binaural properties. It is unclear whether these physiological
response types reflect specific ascending inputs, or whether noise exposure alters intrinsic
physiology, which would complicate comparisons across the normally-defined categories.

In the DCN, increased SFR occurs in neurons that are tuned to behaviorally identified
tinnitus frequencies (Wu et al., 2016). However, in IC the frequency-specificity of units with
increased SFR is debated. Some studies showed that increased SFR occurred in neurons with
BFs overlapping the regions of hearing loss (Ma et al., 2006; Manzoor et al., 2013; Mulders
and Robertson, 2009), while others showed pervasive increases in SFR without BF-
specificity (Bauer et al., 2008; Berger et al., 2014; Ropp et al., 2014). These inconsistencies
suggest that even among studies that reveal noise-induced changes in firing rates, different
populations of IC neurons may have been be sampled. Another possibility is that correlates
of hyperacusis rather than tinnitus are encoded in the IC (Bakay et al., 2018; Gu et al., 2010;
Shaheen and Liberman, 2018).

Tinnitus correlates in the medial geniculate

Increased SFR and bursting in medial geniculate (MG) neurons was identified by Kalappa et
al. (2014) who assessed tinnitus behavior in rats after noise exposure that preserved hearing
thresholds, and directly correlated tinnitus severity with MG spontaneous activity. Neurons
in both the ventral (lemniscal) and dorsal (non-lemniscal) divisions exhibited SFR correlated
with tinnitus severity. In addition, the same authors observed increased tonic synaptic and
extrasynaptic GABA receptor current in brain slices from rats with behavioral evidence of
tinnitus measured with GPIAS (Sametsky et al., 2015), which likely mediated the increased
bursting observed /n vivoin the MG neurons. The authors suggested that the tinnitus-
specific effects in MG are triggered by increased excitatory inputs from the 1C (Caspary and
Llano, 2017). Questions remain as to whether MG increases in SFR are frequency-specific,
whether they are accompanied by increased synchrony, and whether contributions from
various ascending pathways transmit/trigger the increased SFR [e.g. the direct pathway from
DCN (Anderson et al., 2006; Malmierca et al., 2002)]. Nevertheless, heightened SFR in MG
that is tinnitus specific emphasizes that it is increased thalamocortical input, rather than
decreased thalamocortical input that is the driving force in maladaptive auditory cortical
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plasticity. Furthermore, the finding of tinnitus-specific increased GABA inhibition in MG, in
contrast to decreased inhibition in DCN, suggests that the relationship between increased
SFR and altered inhibition is more complex than simply “disinhibition”.

Tinnitus correlates in the auditory cortex

The role of auditory cortex (AC) in tinnitus has been inferred primarily from the human
imaging and EEG studies. Cortical changes in people with tinnitus include increased fMRI
signals (Lanting et al., 2009; Leaver et al., 2011; Lockwood et al., 1998) and increased EEG
gammaband power (Ortmann et al., 2011; Sedley et al., 2012; van der Loo et al., 2009;
Weisz et al., 2007b). Increased fMRI resting-state activity likely reflects increased SFR
observed in animal studies (Chen et al., 2015; Lanting et al., 2009), while increased cross-
unit synchrony observed in animal studies may serve as the substrate of enhanced rhythmic
firing (Weisz et al., 2007a). Although direct comparisons between single-unit recordings and
brain-imaging techniques are limited, increased SFR and synchrony in AC have been
described in a few animal model studies of noise-induced tinnitus (Basura et al., 2015;
Engineer et al., 2011; Zhang et al., 2016). In addition to spontaneous activity alterations,
earlier studies also observed cortical tonotopic reorganization, or expansion/reduction of
certain frequency representations (Engineer et al., 2011; Seki and Eggermont, 2003).
However, later studies in both humans (Langers et al., 2012) and animals (Yang et al., 2011)
dissociated tinnitus from tonotopic reorganization, which was attributed rather to hearing
loss and not to tinnitus per se.

Some studies have suggested that increased SFR and synchrony in the AC arise from
reduced inhibition within the cortical circuit due to reduced input to the AC (Llano et al.,
2012; Yang et al., 2011). The hypothesis that reduced inhibition causes increased SFR and
synchrony is plausible, since GABAergic interneurons exert extensive influence on principal
neurons and their excitation/inhibition balance plays a crucial role in network information
flow (Trevino, 2016) and auditory processing (Isaacson and Scanziani, 2011; Pi et al., 2013;
Wehr and Zador, 2003). Cortical disinhibition, however, is unlikely to be due to a reduced
thalamocortical input — as previously suggested (Norena and Eggermont, 2003; Weisz et al.,
2007a) — in light of accumulating evidence of tinnitus-related increases in SFR and
bursting of MG neurons (Kalappa et al., 2014; Sametsky et al., 2015), which provide the
input to the AC. The excitatory projections from thalamus innervate both the excitatory
principal neurons and the inhibitory interneurons across different cortical layers (Ji et al.,
2016), suggesting that the increased thalamocortical activity could have significant impact
on the excitation/inhibition balance within the cortical network (Hamilton et al., 2013; Natan
etal., 2017). In addition to the thus-altered cortical inhibition, it is also likely that increased
SFR and synchrony are directly transmitted by thalamocortical neurons that already encode
tinnitus signals through increased SFR and bursting, consistent with the crucial role of
thalamus in sensory gating and perception (Portas et al., 1998; Rauschecker et al., 2010;
Whitmire et al., 2016).

Recent imaging studies have also identified the involvement of limbic systems (Chen et al.,
2015; Leaver et al., 2011) in tinnitus. Increased fMRI signals in brain areas that encode
affect, such as the amygdala, nucleus accumbens and hypothalamus, may originate from
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heightened SFR directly transmitted by MG and the AC (Barry et al., 2015; Clugnet et al.,
1990; Kraus and Canlon, 2012; LeDoux et al., 1985). The involvement of the limbic system
implies a dissociation and/or interaction between the tinnitus percept and tinnitus “suffering”
(Chen et al., 2017). As tinnitus is triggered and transmitted by the ascending auditory
pathway, the thalamic, cortical, and limbic structures may ultimately be responsible for the
conscious milieu accompanying the sound of tinnitus.

Concluding remarks

To date, there have been a number of pivotal studies of single cell physiology and molecular
markers of anatomical changes that have documented the tinnitus-specific neural changes
described in this chapter. A summary of neural circuit- and pathway changes occurring in
animals with behavioral evidence of tinnitus after noise exposure is presented in Figure 6.
Beginning in the CN, decreased auditory nerve innervation of each cell type results in
maladaptive homeostatic increases in the activity of the principal output neurons, fusiform
cells and bushy cells. Undoubtedly playing a role in these increased activity levels is a
decrease in the action of inhibitory interneurons, the D-stellate cells and vertical cells, whose
output would be reduced simply because of decreased drive from the auditory nerve fibers
but also by decreased levels of glycine. Studies have shown that although cochlear
synaptopathy is present in all animals after noise exposure (even with TTS), it is equivalent
in animals with and without evidence of tinnitus. In these same animals, dramatic, tinnitus-
specific differences arise in second order neurons of the DCN that receive the ANF inputs.
The most prominent tinnitus related changes occur in the apical dendritic synapses of the
principal output neurons of the DCN, the fusiform cells. Upregulation of multimodal inputs
to the CN has been shown to be tinnitus specific —i.e. it only occurs in animals with
evidence of tinnitus after noise exposure (Heeringa et al., 2018a). The eventual outcome of
increased spontaneous activity in fusiform cells (and perhaps also bushy cells) (Fig. 6A) is
transmitted to progressively higher order auditory nuclei, culminating in increased activity in
neurons of the AC (Fig. 6B) and perhaps as well as the limbic system (Chen et al., 2017;
Kraus and Canlon, 2012; Zhang et al., 2018).

In this review, we have focused on the ascending auditory system and discussed the
generation of tinnitus in the CN after noise-induced deafferentation and the likely route of
transmission of tinnitus signals along the ascending nuclei. However, the descending system
(Bajo et al., 2010; Nakamoto et al., 2008) may play an important role in tinnitus pathology
and significantly modulate the tinnitus transmission throughout the brain (Shulman and
Strashun, 1999). For instance, a recent study has demonstrated increased AC-IC projections
after cochlear deafferentation (Asokan et al., 2018), which suggests that tinnitus-related
increases in IC activity could arise from heightened descending input as well as ascending
CN input. Corticofugal projections from the AC to CN have also been documented (Meltzer
and Ryugo, 2006; Schofield and Coomes, 2005; Weedman and Ryugo, 1996), but their
function remains inconclusive. Descending projections might thus modulate CN plasticity
and influence tinnitus generation. The interplay between ascending and descending systems
in tinnitus generation and transmission points to an exciting direction for future work.
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Studies of single neurons and how ensembles of neurons produce population responses are
likely to be the most effective route to unraveling the mechanisms of this elusive disease. To
enable us to develop methods to alleviate the bothersome or debilitating symptoms of
tinnitus, we need to understand the cellular underlying mechanisms. Animal model studies
that employ single cell recordings as well as population responses that can be directly
compared with results of human studies of brain imaging (Chen et al., 2015) would be
particularly useful in this regard. Already, these approaches have delivered some initially
promising treatments that aim to reverse the pathological neural activity representing
phantom perception of sounds, that are based on neuronal measurements in animal models.
Vagal nerve stimulation (VNS) targets cholinergic innervation of the AC, which contributes
to neural plasticity in this region purported to give rise to the percept of tinnitus (Engineer et
al., 2011; Vanneste et al., 2017). The combination of VNS with sound stimulation is
designed to alter cortical plasticity to increase the representation of sounds outside the
tinnitus region to normalize the activity across the primary AC. Another promising method
aiming to reverse tinnitus activity directly targets maladaptive plasticity in the fusiform cells
in the DCN by using bimodal (auditory-somatosensory) stimulation to induce long term
depression in the neurons that show increased long-term potentiation linked to tinnitus
(Marks et al., 2018). Both of these treatments, which emerged from precise single-neuron
studies, and using GPIAS to assess tinnitus, are currently in clinical trials. These approaches,
which target maladaptive plasticity in brain regions in animals with tinnitus, are more likely
to provide reliable therapies compared to trial and error treatments that have been rife in the
field for decades, with no gold standard-of-treatment outcome (Attarha et al., 2018).
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Fig. 1: Ascending projections of CN output neurons.
DCN fusiform cells (FC) send projections to the contralateral central nucleus of inferior

colliculus (ICC; predominant), external cortices (ICX; sparse), ipsilateral IC, and
contralateral non-lemniscal medial geniculate (MG shell). VCN T-stellate cells (TS) project
to the contralateral (predominant) ICC and ventral nucleus of lateral lemniscus (VNLL).
Spherical bushy cells (BC; spherical: s) project to the ipsilateral lateral superior olive (LSO),
medial superior olive (MSO), and contralateral MSO. Globular BC (g) project to the
ipsilateral LSO, and contralateral medial nucleus of trapezoid body (MNTB). D-stellate cells
(DS) project to contralateral CN and ipsilateral DCN. Inhibitory projections are shown in

red.
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Fig. 2: Circuitry of VCN and DCN neurons putatively involved in tinnitus.
Auditory nerve fibers (ANF) from the cochlea synapse on the basal dendrites of fusiform

cells (FC), dendrites of vertical cells (VS) and T-stellate cells (TS), cell bodies and dendrites
of D-Stellate cells (DS) and cell bodies of bushy cells (BC). Multimodal projections synapse
the dendritic fields of DS and BC in VCN (Heeringa et al., 2018b; Wu and Shore, 2018) and
granule cells (GC), which project to the apical dendrites of FC and inhibitory interneuron
cartwheel cells (CW). DS and VVC provide wide-band and narrow-band inhibition,
repectively, to the output neurons of DCN and VCN.
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Fig. 3: Measures of cochlear pathophysiology and histopathology do not differ between animals

with tinnitus and those without tinnitus.

(A) ABR threshold shifts immediately following noise exposure (t1, solid lines) and 12
weeks following noise exposure (tf, dashed lines). (B) ABR wave-1 amplitude (P1-N1)
before (t0, solid lines) and 12 weeks after noise exposure (tf, dashed lines). (C) Ribbon
synapse counts per IHC, as sampled at 10 locations along the cochlear spiral, converted to
frequency according cochleotopic mapping. Exposed-tinnitus animals - red, exposed no-
tinnitus animals (ENT) - blue, and sham-exposed normal animals (N) - black for all panels.

Adapted from Heeringa et al. (2018a).
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Fig. 4: Stimulus timing dependent plasticity (STDP) of DCN fusiform cells is altered in tinnitus.
Mean evoked firing rate of a population of fusiform cells before and 15 minutes after

bimodal stimulation as a function of time intervals between auditory and somatosensory
stimuli (somatosensory — auditory; negative intervals indicate auditory-preceding; positive
intervals indicate auditory following somatosensory). STDP “timing” rule for the tinnitus
group (red squares) is inverted and shifted upward (more long-term potentiation/LTP)
relative to the controls (black circles). STDP timing rules for the no-tinnitus group (blue
diamonds) is shifted downward (more long-term depression). Modified from Marks et al.

(2018).
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Fig. 5: Summary of studies documenting changes in IC SFR after noise overexposure.
(A) Time: time between noise exposure and recording (weeks). Tinnitus: behavioral tinnitus

test used and percent of tinnitus-positive animals (GPIAS: gap-prepulse inhibition of
acoustic startle). PTS: Permanent threshold shift (dB) at time of recording. Sig: whether the
study reports increased SFR (0: no significant SFR increase; 1: significant SFR increase; #:
SFR increase is frequency specific; *: SFR increase is not frequency-specific). Sp: species
(M: mouse; R: rat; H: hamster; GP: guinea pig; Ch: chinchilla). (B) Mean SFR in the
exposed group vs mean SFR in the control, unexposed group plotted against each other.
Each data point represents a different study indicated by the same colors as (A).

Neuron. Author manuscript; available in PMC 2020 July 03.

30



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shore and Wu Page 28

A B

/" ANF input —@ Excitatory
Multimodal i Al
¥ Multimodalinput { Inhibitory Midline )
==® Excitatory
0' { Inhibitory é .MG Shﬂ M care
: Q o
ICC ICX —‘ ICC
L 4 AL 4 L &d T
DCN Y i
VCN s |
°
3| w S UNLL
TS *'
- =
BC al——c =k I
DS *{}* i !I DCN
ANF input _§;

Fig. 6: Changes in neural circuitry in animals with noise-induced tinnitus.
(A) Cochlear nucleus principal cell output is increased. After noise exposure, auditory nerve

fiber (ANF) synapses are reduced for both excitatory output neurons (blue/green) and
inhibitory interneurons (red) -for animals with and without tinnitus. Multimodal projections
(including somatosensory) to the granule cell domain and dendritic fields of DS and BC are
upregulated only in animals with tinnitus and not those without tinnitus, increasing input
to the apical dendrites of fusiform cells (FC) and inhibitory interneuron cartwheel cells
(CW). Reduction in ANF input to DS and VC would reduce wide-band and narrow-band
inhibition to output neurons of both DCN and VCN, likely playing a role in increased
activity of output neurons. Although the increased output of principal cells is specific to
animals with tinnitus and not those without, is not yet known whether the reduction in ANF
synapses to inhibitory neurons is tinnitus-specific. Thus, based on the available evidence, the
main driver of increased SFR in CN output neurons (FC) is increased somatosensory input
driving long term plasticity. (B) Neural activity is increased in ascending projections to IC,
MG and auditory cortex. Increased activity from fusiform cells (FC) is conveyed to the
nuclei of inferior colliculus (ICC; IC); and contralateral medial geniculate (MG shell).
Increased Spherical bushy cells (BC; spherical: s) project to the ipsilateral lateral superior
olive (LSO), medial superior olive (MSO), and contralateral MSO. Globular BC (g) project
to the ipsilateral LSO and contralateral medial nucleus of trapezoid body (MNTB). It is
unknown whether T-Stellate cell activity is increased in tinnitus. D-stellate cell (DS) output
to DCN,VCN and contralateral CN is expected to be decreased. Tinnitus-specific increases
in neural activity have been reported in DCN, MG and auditory cortex (Al). Increased or
decreased activity is indicated by arrows and line thickness. For both panels, asterisks (*)
indicate hypothesized effects not yet to be validated by future experiments.
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