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Recent studies on animal models have shown that noise exposure that does not lead to permanent threshold shift (PTS) can
cause considerable damage around the synapses between inner hair cells (IHCs) and type-I afferent auditory nerve fibers (ANFs).
Disruption of these synapses not only disables the innervated ANFs but also results in the slow degeneration of spiral ganglion
neurons if the synapses are not reestablished. Such a loss of ANFs should result in signal coding deficits, which are exacerbated by
the bias of the damage toward synapses connecting low-spontaneous-rate (SR) ANFs, which are known to be vital for signal coding
in noisy background. As there is no PTS, these functional deficits cannot be detected using routine audiological evaluations and
may be unknown to subjects who have them. Such functional deficits in hearing without changes in sensitivity are generally called
“noise-induced hidden hearing loss (NIHHL).” Here, we provide a brief review to address several critical issues related to NIHHL:
(1) themechanismof noise induced synaptic damage, (2) reversibility of the synaptic damage, (3) the functional deficits as the nature
of NIHHL in animal studies, (4) evidence of NIHHL in human subjects, and (5) peripheral and central contribution of NIHHL.

1. Noise-Induced Hidden
Hearing Loss (NIHHL)

Noise-induced hidden hearing loss (NIHHL) refers to any
functional impairment seen in subjects with noise exposing
history but no permanent threshold shift (PTS). This is
different from the conventional definition of noise-induced
hearing loss (NIHL), which is based on changes in auditory
sensitivity or threshold shift [1]. Therefore, noise exposure
recommendations are based on the likelihood that a partic-
ular dose of exposure will result in a PTS. Noise exposures
that are not expected to cause PTS are thus considered safe.

Physiologically, variations in auditory sensitivity follow-
ing exposure to noise are largely due to the functional
status of outer hair cells (OHCs) in the cochlea, which
provide mechanical amplification of soft sounds [2, 3]. Noise
exposures that result in only a temporary threshold shift
(TTS) have a reversible impact on OHC function, which
is manifested by the recovery of otoacoustic emissions
(OAE) [4–6] and cochlear microphonics (CM) [7–11]. The
functional changes in these measures parallel the recovery

of hearing thresholds, as well as the repair of structures
such as stereocilia and the tectorial membrane [7, 12]. By
contrast, noise exposure at higher levels and/or for longer
durations can cause permanent damage to, or even the death
of, OHCs and, hence, lead to PTS. Therefore, the OHCs
and the structures surrounding them, including the tectorial
membrane and the supporting cells, are considered to be the
major loci of cochlear damage that result in noise-induced
threshold shifts [13, 14].

Although some early reports claimed that reversible
noise-induced IHC pathologies were responsible for TTS
[15, 16], IHCs are relatively insensitive to noise-induced cell
death. However, it has long been recognized that the synapse
between IHCs and primary spiral ganglion neurons (SGNs)
can be damaged by noise [17–19]. These early studies showed
that this manifests mainly as damage to the postsynap-
tic terminals; however, there is clear evidence from more
recent studies that noise induces damage to both pre- and
postsynaptic structures. More importantly, disruption of the
synapses can be permanent, resulting in degenerative death
of SGNs [6]. The finding that damage to ribbon synapses
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can occur without PTS is significant because of the potential
impact of such damage on hearing function. Because the
physiological damage is not accompanied by a permanent
shift in hearing threshold, it would likely be missed by a
standard (i.e., threshold-based) hearing assessment and has
thus been referred to as NIHHL.

NIHHL first manifests as reduced output of the auditory
nerve at high sound levels, without affecting the hearing
threshold. This reduction has been found in both animals [6,
20–23] and human subjects with a history of noise exposure
but with normal audiograms [24]. Since the thresholds of
the auditory nerve remain unchanged, the function relating
compound action potentials (CAP) amplitude with sound
levels in NIHHL animal is different from that in animals with
threshold changes. Schematic curves of CAP input/output
functions are presented in Figure 1 for a comparison across
normal control and those with different pathologies.Theoret-
ically, if the damage is restricted toOHCs, themajor change in
CAP input/output (I/O) curve is restricted around threshold
and the amplitude reaches the control value at high sound
levels. In the case of NIHHL, CAP reduction ismainly at high
sound level, with no difference at low sound level, suggesting
a suprathreshold deficit. When the damage occurs at both
OHCs and the IHC-SGN synapses, the reduction of CAP
amplitude is seen across all sound levels.

As NIHHL is initiated at the synapse between the IHCs
and SGNs, which silences the auditory nerve fibers (ANFs)
that extend from them, the corresponding disorder is catego-
rized as a cochlear neuropathy (i.e., cochlear synaptopathy)
[25, 26]. Presumably, the reduction in the amplitude of the
auditory nerve response without threshold elevation is due
to selective loss of ANFs that have high thresholds, which is
supported by single-unit recording studies [20, 27]. Given the
important features of those low-spontaneous-rate ANFs in
auditory coding, the neuropathy or synaptopathy in hidden
hearing loss is not simply a reduction in the number of
functional ANFs. Furthermore, the synaptopathy in NIHHL
is likely to be related to the synaptic repair after initial damage
by noise [20], rather than a simple initial loss. In addition,
the functional deficits seen in NIHHL may also involve the
contribution from central auditory plasticity [26, 28–32].
In this review, we summarize the available data for noise-
induced damage and repair around IHC–SGN synapses
and discuss the evidence for the contributions of cochlear
malfunction and central plasticity to NIHHL.

2. Noise-Induced Damage and Repair around
Cochlear Ribbon Synapses

Accumulated evidence has shown that the synapses between
IHCs and type-I SGNs are sensitive to noise and the dam-
age to this synapse is likely to be the bases for NIHHL.
The synapse is characterized by presynaptic dense bodies
termed ribbons [33–35], which are spherical or ellipsoidal
in shape, 100–200 nm in diameter [36], and surrounded by
synaptic vesicles. The ribbons are built up from RIBEYE
protein subunits [37, 38] and anchored to the active zone
of the presynaptic membrane via Bassoon proteins [39–41].
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Figure 1: Schematic curves of CAP I/O functions under different
conditions. As compared with the control behavior, restricted OHC
lesion results in an elevation of CAP threshold, but no reduction of
CAP amplitude at high sound levels, while the restricted synapse
damage results in the reduction of CAP amplitude largely at high
sound levels.

The functional role of ribbons has been recognized as teth-
ering and conveying synaptic vesicles to the active zones [42,
43], where the release of neurotransmitters at these synapses
is modulated by a specific L-type calcium ion channel (i.e.,
CaV1.3) [44, 45].

Noise exposure causes damage to both the presynaptic
ribbons and postsynaptic nerve terminals of the ribbon
synapses [6, 22, 23, 46–48]. The damaged synapses exhibit
various degrees of swelling of the terminals, resulting in
disruption of the synaptic connections between IHCs and
SGNs [20, 46, 48]. Immunohistological staining has revealed
similar losses for ribbons and terminals [6, 22, 23, 49]. The
mechanism for the damage to the postsynaptic terminal is
glutamate-mediated excitotoxicity (reviewed in [46]). How-
ever, it is unclear how the presynaptic ribbons are damaged.
One possible mechanism of ribbon loss is the loss of cell-cell
contact that is required for the maintenance of the pre- and
postsynaptic complexes [50–53]. Our electron microscopy
evaluations did not reveal any residual presynaptic complexes
without ribbon and postsynaptic terminals [20]. Therefore,
it is likely that the entire presynaptic structure breaks down
when the postsynaptic terminal is damaged.

Another possibility is that ribbon loss results from a
breakdown of ribbon building units. A brick assemblymodel,
in which a ribbon is built up from multiple Ribeye sub-
units, has been proposed for ribbon construction in retina
photoreceptor cells [37]. Moreover, the ribbons in retina
sensorial cells can be partially broken down by light, but
they rapidly reassemble in the dark, probably serving as a
mechanism of adaption to bright light [54–58]. In the retina,
the ribbon size appears to be a determining factor for the
quantity of neurotransmitter released. However, the dynamic
disassembling/reassembling process has not been identified
in the cochlea, and changes in the ribbon size and the
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relationship with the release of neurotransmitters have not
been investigated in the cochlea. Additionally, disassembly
and reassembly, as well as ribbon size, are modulated by

Ca2+ signaling involving CaV-channels, presynaptic Ca2+

levels and storage, and guanylate cyclase-activating protein-
2 (GCAP2; see the review by Schmitz [59]). Interestingly,
optical stimulation of photoreceptors causes hyperpolar-
ization of the presynaptic membrane and a decrease in

[Ca2+]i, as opposed to depolarization and the large increase

in [Ca2+]i in IHCs in response to sound. The decrease in
[Ca2+]i in photoreceptor cells is followed by a conformational
change of GCAP2, which results in the disassembly of the
ribbons. In the cochlea, it is not known whether there is a
GCAP-mediated pathway that controls ribbon size. As the
membrane potential of IHCs is depolarized with increasing

sound levels, resulting in an influx of Ca2+, the role of Ca in
ribbon assembly is unlikely to be the same as it is in the retina.

2.1. Is the Synaptic Damage Reversible? There is some debate
about whether noise-induced ribbon synapse damage is
reversible. The first quantitative study of noise-induced rib-
bon synapse damage in CBA mice [6] reported that the
number of ribbon synapses was reduced to 40% compared
with the control 1 day after brief noise exposure that did not
lead to PTS. The synapse count recovered to 50% within 1
week, but no further recoverywas observed, and this 50% loss
of synapses was considered permanent. SGN death observed
2 years after the noise was found tomatch the 50% permanent
loss of synapses [6]. However, a study on guinea pigs carried
out by the same research group found a similar loss of ribbon
synapses 2 weeks after exposure to noise that did not cause
PTS [49], but this study found a much smaller final loss of
SGNs. This suggests that some SGNs, which had originally
lost their synapses with IHCs, survived and reestablished
synapses with IHCs.

Our studies on guinea pigs have revealed a clear recovery
in the synapse count following a massive initial loss induced
by noise exposure that did not lead to PTS [22, 23]. Although
this recovery was not complete, approximately 50% of the
initial loss of paired ribbon and postsynaptic density (PSD)
puncta in the basal half of the cochleae was seen 1 day
after noise, and the loss was recovered to <20% within
1 month. Comparing the aforementioned data from mice
and guinea pigs, it appears that there may be some species
difference in the ability to regenerate synapses following
noise-induced hearing damage. However, a recent study of
C57mice reported that the loss of ribbon synapses induced by
non-PTS-inducing noise was largely reversible [60].This dis-
crepancy in synapse regeneration following noise exposure
requires further investigation.

In a recent review, it was argued that the recovery
of CtBP2/PSD counts in guinea pig cochleae following
noise exposure reported in our studies may be attributable
to up/downregulation of the synaptic protein rather than
regeneration of synaptic connections [25]. However, there are
several lines of evidence for the possibility of synapse repair
following noise-induced damage. First, it has been reported
that plastic changes occur in the presynaptic component,

including the existence of multiple presynaptic ribbons
around an active zone [61] and the changes in the size and
location of ribbons following noise exposure [22]. Second,
the change in the amplitude of the compound action potential
(CAP) corresponded to the changes in ribbon/PSD counts:
a large initial reduction in CAP amplitude and synapse
counts were followed by a significant recovery after the noise
exposure [20]. Third, changes in many single-ANF coding
activities were not seen at the time that the synapses were
damaged but rather manifested later (see Section 3) with the
recovery in both the CAP and synapse number, suggesting
that those changes occurred in the ANFs that connect IHCs
via repaired/reestablished synapses [20]. Further work is
required to determine the mechanisms and factors that influ-
ence the repair of both pre- and postsynaptic components.

3. Cochlear Coding Deficits in
Hidden Hearing Loss

Ribbon synapses exhibit spatial differences around IHCs;
that is, the synapses at the modiolar side of an IHC have
relatively small ribbons but larger postsynaptic terminals,
whereas those at the pillar side have relatively large ribbons
but smaller terminals [62]. This spatial variation in synapse
morphology has been linked to functional variations across
ANFs. Liberman et al. reported that ANFs are functionally
categorized by their spontaneous rate (SR), which is inversely
related to the fiber’s threshold and dynamic range [63–65]. It
is widely accepted that low-SR ANFs exhibit synapses with
IHCs on their modiolar side, whereas high-SR units exhibit
synapses on the pillar side (this is based on data obtained
using intracellular tracer injections) [66]. The low-SR units
are considered critical for hearing in noisy environments due
to their larger dynamic range, higher thresholds, and the
ability to follow the quick change of the amplitude of acoustic
signals. By contrast, high-SR units are responsible for the
sensitivity to quiet sounds and are saturated by high-level
background noise [26, 63, 64, 67, 68].

In NIHHL, low-SR ANFs appear to be more vulnerable
to noise than high-SR units. Selective loss of low-SR ANFs
has been found following exposure to noise that did not
lead to PTS [27]. Presumably, this selective loss of low-SR
units should produce coding deficits, which can be predicted
based on the unique features of those units [26]. However,
no coding deficits were examined and reported in this study
[27]. On the other hand, we reported a time delay in the
development of coding deficits by single ANFs in guinea pigs
following a similar noise exposure that did not cause PTS
[20]; these deficits were attributed to intensity coding and
temporal coding as summarized in Sections 3.1 and 3.2.

3.1. Intensity Coding Deficits in NIHHL. Intensity coding in
the cochlea is defined as the ability of ANFs to encode the
sound intensity or the change of sound intensity.This ability is
determined primarily by the spike rate (or the change of spike
rate) of individual ANF in response to sound intensity change
and the number of functional ANFs. Therefore, the intensity
coding deficits can be evaluated in both evoked field potential
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and single-unit recordings. Deficits in intensity coding were
first suggested by a reduction in wave I of the auditory
brainstem response (ABR) [6, 49], as well as a reduction in
the amplitude of the CAP [20], as this is likely due to the loss
of functional ANFs following synapse disruption. The fact
that the reduction is more significant at higher sound levels
has been considered evidence for selective damage to low-SR
fibers, which have higher thresholds [25, 26, 69].

The deterioration in intensity coding following no-PTS
noise exposure was manifested as a reduction in the driven
spike rates (peak, sustained, and total rates) of ANF units
that were tested only at one sound level [20]. Such changes
are significant only in low-SR ANF units and are seen at a
later time rather than immediately following exposure. This
time delay in the development of coding deficits suggests that
(1) the reduction in driven spike rates occurs in the ANFs to
which the synaptic connections to the IHCs are reestablished
following the initial disruption and (2) the repaired synapses
are functionally abnormal, with less efficient neurotransmit-
ter release.

3.2. Temporal Coding Deficits in NIHHL. Temporal process-
ing ability in the cochlea as well as in the whole auditory
pathway is defined as the ability to follow the quick change
of acoustic signals. In human subjects, the process involves
both bottom-up and top-down mechanisms; but in animal
models, only bottom-upmechanisms are tested (see reviewed
by [67]). Many different tests have been used to detect the
bottom-up mechanisms of temporal coding, some of them
based on the peristimulatory changes of firing rate showing
latency and adaptation. As reviewed above, the major func-
tion of presynaptic ribbons in IHCs is to facilitate the synaptic
transmission. Therefore, the damage to this synapse likely
produces temporal coding deficits in ANFs. Indeed, such
deficits were manifested as an increase in response latency of
ANFs in animals withNIHHL.This was first demonstrated as
a significant delay in CAP peak latency [21] and then further
supported by the delayed latency of peak in PSTH (or peak
latency) of ANFs in our single-unit study [20]. In another
very recent report, such delay was reported in ABR as the
marker of cochlear synaptopathy [70].We also found a reduc-
tion in the ratio of peak to sustained rates in animals that
were exposed to noise. This ratio is considered an index of
the ability of a neuron to encode dynamic signal changes (see
review by [68]). Using a paired-click paradigm, we found that
the ANF response of noise-exposed animals to the second
click recovered more slowly from the masking effect of the
first click. These results reveal poorer coding to the transient
features of acoustic signals by ANFs, which were examined
in previous studies to show the deterioration in of temporal
coding in animals with Bassoon mutation [39, 41]. Whereas
an increase in peak latency was seen shortly after exposure
to noise, changes in the peak rate and the peak/sustained
spike ratio, as well as a slower recovery of the spike rate
to the second click, were not seen until later, suggesting an
association between the deficits and the synapse repair.

Phase locking is a mechanism for the auditory coding
of temporal envelopes. A temporal deficit in phase-locking

responses has been proposed based on selective loss of low-
SR units and the functional features of this group of ANFs
[25, 26, 69], but it has not been tested at the single-unit level.

4. Association of Coding Deficits with
Unhealthy Synaptic Repair

So far, there appear to be two models for the development
of coding deficits in NIHHL. One model suggests that the
coding deficit or synaptopathy is simply due to the loss of
low-SR ANFs. Since those units have unique functions in
signal coding, the loss of those functions is predicted as the
consequences. Evidence from our own laboratory suggests
another model. That is, the coding deficits are developed as
the result of unhealthy synaptic repair after initial disruption.
We found that the noise-induced synaptic damage in guinea
pigs under NIHHL is largely repairable, leaving only a small
amount of synapses not being reestablished. Therefore, the
coding deficits or synaptopathy cannot be simply attributed
to the loss of SR units. Since the coding deficits are seen at
the time when the synapse counts are largely recovered, we
believe that the coding deficits likely occur in the repaired
synapses (most of them innervating low-SR ANFs). Studies
are needed to verify which model is more likely the case in
human subjects.

5. Central and Peripheral
Contributions to NIHHL

Hearing loss impacts auditory perception. It has long been
recognized that subjects with normal audiograms may have
perceptual difficulties, and this is especially true in the elderly.
Age-related hearing loss with threshold elevation is termed
peripheral presbycusis, whereas the perceptual difficulties
seen in the elderly without threshold shift are usually termed
central presbycusis [71]. For example, temporal processing
deficits and difficulties of hearing in noisy environments are
two major problems experienced by the elderly. These prob-
lems were recognized long before the discovery of cochlear
damage associated with NIHHL and were considered to be
the result of “central auditory processing disorders” [71–75].
It was generally accepted that any perceptual deficits observed
without changes to hearing thresholds and cognitive func-
tioning can be attributed to central dysfunctions.

Based on recent progress in functional deficits in cochlear
coding, such separation between peripheral and central
presbycusis is likely to be incorrect. The so-called central
presbycusis may, at least in part, result from disorders in the
auditory periphery. The coding deficits related to the loss
of low-SR ANFs had been described as a type of auditory
neuropathy and/or synaptopathy even before any of the
predicted deficits were identified. Data on changes in the
SR distributions of ANFs suggest the reestablishment of
synapses following an initial disruption that was selective to
low-SR units [20]. Although our data revealed abnormalities
in some aspects of coding in the auditory nerve, further
work is required to investigate coding deficits in NIHHL.
Such studies cannot be replaced by speculation based on
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the selective loss of low-SR fibers; for example, one cannot
be certain how the auditory nerve changes its response to
amplitude modulation until it is measured at the single-unit
level. Two possibilities must be considered: (1) the surviving
ANFsmay change their function and (2) the initially lost low-
SR fibers may be repaired but with changed function.

It should be noted that there is now a tendency in the
literature to consider NIHHL to be a purely peripheral issue,
a result of the overcorrection of the “central presbycusis.”
However, despite the strong evidence for a peripheral con-
tribution, the central contribution to the problems seen in
NIHHL should not be neglected. In other words, it may be
more constructive to assume that there are both peripheral
and central contributions to NIHHL. It is well known that
hearing loss (with elevated threshold) can induce central
changes, which can result in deteriorations in signal process-
ing. Studies aiming to distinguish the role of central plasticity
from that of ribbon synapse damage are rare. One such
report found that an increase in central gain was responsible
for tinnitus in human subjects with typical damage seen
in NIHHL (i.e., reduced auditory nerve input to the brain
(measured as a smaller ABR wave I)) but normal hearing
threshold [24]. In an earlier study in rats, tinnitus was found
6 months after exposure to noise that caused minimal loss of
hair cells and PTS but significant loss of ANFs [76].

One of the central impacts of hearing loss due to damage
to peripheral auditory organ is imbalance between excitation
and inhibition, resulting in hyperactivity and/or hyperre-
sponsiveness in the central auditory system (see reviews in
[77–80]). The types of hearing loss producing such central
enhancement include cochlear ablation, drug- and noise-
induced damage. While direct effect of drugs and noise on
central neurons needs to be differentiated, a similarity across
those hearing loss models is the reduction of cochlea output
to the auditory brain, which may be the main initial factor
causing the imbalance between excitation and inhibition. In
this sense, central plasticity should also be seen in subjects
withNIHHL.Whilemost of studies in central plasticity using
NIHL model correlated the central enhancement with the
amount of threshold shifts [29, 81–85], at least one study
has reported central enhancement in mice exposed briefly to
noise at a moderate level that did not cause PTS, presumably
producing only NIHHL [30]. Unfortunately, the reduction in
auditory input from the cochlea was not quantified in this
study. Taken together, available data suggest that cochlear
damage, with or without threshold elevation, can lead to
central plasticity by reducing input from the auditory nerve.
Further work is required to establish the central contribution
to coding/perception difficulties in NIHHL, and previous
studies on central processing disorders in subjects withNIHL
should be reevaluated to differentiate the central contribu-
tions from the peripheral ones.

In a brief summary, we use Figure 2 to summarize the
available data for the mechanisms of perception difficulty
experienced by subjects with history of noise exposure
but normal or near normal thresholds. In this schematic
diagram, we include the two potential models of noise-
induced synaptopathy in cochleae. In model 1, the coding
deficits are speculated based on the role of low-SR ANFs in
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Figure 2: Diagram for the hypothesis of coding deficits in NIHHL.

signal coding. Further evaluation is needed to validate this
model. Both models result in a reduction in the cochlear
output to the auditory brain, which in turn will result in
plastic reorganization of the brain. Auditory signal processing
disorders experienced by subjects with long-term NIHHL
should include what are inherited from the coding deficits
developed in the auditory peripheral and those associated
with the plastic changes of auditory brain.

6. Clinical Implications and Future Directions

6.1. Evidence of NIHHL in Human Subjects. Although more
studies on the impact of noise on human hearing showing
no changes in auditory sensitivity are required, evidence
suggesting the occurrence of NIHHL in human subjects is
being accumulated. This is supported by thorough research
on the signal perception deficits experienced by subjects with
a history of noise exposure but normal thresholds [26]. Since
the deficits are demonstrated at suprathreshold levels, it is
clear that normal hearing thresholds do not guarantee normal
hearing functions, especially in subjects with history of noise
exposure [24, 86].The second line of evidence is the reduction
in the output of the auditory nerve in subjects with a history
of exposure to noise. This manifests as a reduction in wave
I in the ABR at suprathreshold levels [24]. Interestingly, the
combination of a reduction in wave I and an increase in wave
V/I ratio may be considered evidence of increased central
gain and is likely responsible for the generation of tinnitus in
hidden hearing loss [32, 87, 88]. The third line of evidence
comes from the age-related SGN degeneration seen in the
examination of human temporal bones [89]. Unfortunately,
there is, as yet, no clear human evidence that degeneration of
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SGNs is expedited by exposure to noise that does not cause
threshold elevation.

6.2. Significance of NIHHL. The clinical implications of
NIHHL are manifested by the fact that noise exposure
causing NIHHL occurs frequently in daily life and impacts
muchmore general population [90]. Such noise exposure has
been generally considered to be safe according to current
safety standards for exposure to noise. The evidence from
the studies reviewed here indicates that the resulting damage
to the ribbon synapses from noise that did not induce
PTS can be repaired even though the repair is incomplete.
More importantly, the signal coding deficits are developed
in association with the synapse repair. Since the damage
and repair occur repeatedly, the damage on signal coding
can be accumulated during aging and likely contributes to
the perceptual difficulties experienced by the elderly [26].
This impact of noise exposure on signal coding is obviously
different from the contribution made by the hearing loss
defined by threshold shifts.

6.3. Future Direction. In future, the coding deficits and
related synaptic repair in NIHHL should be further investi-
gated in a laboratory setting. Since the ribbon synapse is the
first gating point for temporal processing in auditory path-
way, the observed coding deficits suggest a clear peripheral
origin for the decline in temporal processing and perceptual
difficulties during aging. Whether and how the synaptic
damage will impact the central auditory processing need to
be investigated in a manner that is clearly differentiated from
the impact of hearing threshold shift. Moreover, the coding
function of ANFs should be observed over a long period of
time following exposure to noise to determine whether the
coding deficits are temporary or persistent. We are currently
collecting data using electronmicroscopy, as well as conduct-
ing an analysis on the potential changes of the molecular
structures of ribbons and PSDs, in an attempt to elucidate
the morphological/molecular mechanisms responsible for
functional changes of repaired ribbon synapses. It would also
be interesting to understand the reasons for the extreme
sensitivity of low-SR synapses to noise, as well as elucidate
possible methods to prevent damage. Laboratory studies
should also aim to explore the mechanisms of synaptic repair
in the cochlea, as well as reveal the factors that influence
repair in order to promote it.

To translate the knowledge to clinic, investigation is
needed to establish good measures for detecting NIHHL in
human subjects. AlthoughABRwave I is useful for evaluating
synaptopathy caused by noise that does not induce PTS, its
reliability and sensitivity are questionable in human subjects
where the ABR amplitude is small, and othermethods should
be explored. A very recent report suggests the use of ABR
latency as the marker of NIHHL [70]. The study tested
human subjects with normal hearing thresholds and reported
a big variation in the threshold of envelope interaural timing
difference, which was negatively correlated with the shift
of ABR wave V latency by background noise: the higher
the threshold (poorer sensitivity), the smaller the shift.

Theobservation of the latency shiftwithmasking is supported
by the fact that the low-SR ANFs have longer latency than
high-SR fibers and are resistant to background noise [91, 92].
It is not clear why the study did not report the change in wave
V amplitude by masking. Theoretically, the masking should
produce greater reduction in wave V amplitude in subjects
with selective loss of low-SR units. Moreover, no information
about the history of noise exposure was reported and it is
not clear whether the poorer performance in temporal cue
detection was due to noise-induced synaptopathy or other
reasons.

To date, the most promising methods for diagnosing
cochlear synaptopathy are related to selective loss of low-SR
ANFs, the subcortical steady state responses (SSSR) [93, 94].
Based on the animal studies, this test should be carried out
using amplitude-modulated signals at relatively high intensity
and a shallow modulation depth [95]. The input intensity
of the driving signal should fall within the saturation range
of the high-SR fibers. High frequency carrier waves with a
high intensity and with shallow amplitude modulation are
especially useful for evaluating the function of low-SR fibers.
This is supported by modeling the loss of low-SR fibers. To
differentiate the SSSR contribution from the auditory nerve
from that of central neurons, a higher modulation frequency
should be used.The optimalmodulation frequency is likely to
differ across species [96–98]. A recentmouse study found that
the modulation frequency close to 1 kHz was optimumwith a
high frequency carrier without concern of modulation depth
[99]. However, a recent human study reported a successful
detection of the low-SR unit loss using off-frequencymaskers
and a shallow modulation depth [95].

Competing Interests

The authors declare that they have no competing interests.

Acknowledgments

This study was supported by grants from Natural Science
and Engineering Research Council of Canada (RGPIN-
2014-05437) and from Natural Science Foundation of China
(81271086 and 81400464). The English in this document has
been checked by at least two professional editors, both native
speakers of English. For a certificate, please see http://www
.textcheck.com/certificate/g8RpDT/.

References

[1] E. Borg, B. Canlon, and B. Engstrom, “Noise-induced hearing
loss: literature review and experiments in rabbits. Morphologi-
cal and electrophysiological features, exposure parameters and
temporal factors, variability and interactions,” Scandinavian
Audiology, vol. 40, supplement, pp. 4–146, 1995.

[2] R. Szalai, K. Tsaneva-Atanasova, M. E. Homer, A. R. Champ-
neys, H. J. Kennedy, and N. P. Cooper, “Nonlinear models
of development, amplification and compression in the mam-
malian cochlea,” Philosophical Transactions of the Royal Society
of London, Series A: Mathematical, Physical and Engineering
Sciences, vol. 369, no. 1954, pp. 4183–4204, 2011.



Neural Plasticity 7

[3] A. J. Hudspeth, “Mechanical amplification of stimuli by hair
cells,” Current Opinion in Neurobiology, vol. 7, no. 4, pp. 480–
486, 1997.

[4] K. W. Chang and S. J. Norton, “The effects of continuous versus
interrupted noise exposures on distortion product otoacoustic
emissions in guinea pigs,”Hearing Research, vol. 96, no. 1-2, pp.
1–12, 1996.

[5] M. Subramaniam, D. Henderson, and V. Spongr, “The relation-
ship among distortion-product otoacoustic emissions, evoked
potential thresholds, and outer hair cells following interrupted
noise exposures,” Ear & Hearing, vol. 15, no. 4, pp. 299–309,
1994.

[6] S. G. Kujawa and M. C. Liberman, “Adding insult to injury:
cochlear nerve degeneration after ‘temporary’ noise-induced
hearing loss,” The Journal of Neuroscience, vol. 29, no. 45, pp.
14077–14085, 2009.

[7] H. Wang, S. Yin, Z. Yu, Y. Huang, and J. Wang, “Dynamic
changes in hair cell stereocilia and cochlear transduction after
noise exposure,” Biochemical and Biophysical Research Commu-
nications, vol. 409, no. 4, pp. 616–621, 2011.

[8] G.-D. Chen and H.-B. Zhao, “Effects of intense noise exposure
on the outer hair cell plasma membrane fluidity,” Hearing
Research, vol. 226, no. 1-2, pp. 14–21, 2007.

[9] G.-D. Chen and Y. Liu, “Mechanisms of noise-induced hearing
loss potentiation by hypoxia,”Hearing Research, vol. 200, no. 1-2,
pp. 1–9, 2005.

[10] C. Chen, A. Nenov, and R. P. Bobbin, “Noise exposure alters the
response of outer hair cells to ATP,” Hearing Research, vol. 88,
no. 1-2, pp. 215–221, 1995.

[11] J. Wang, Q. Li, W. Dong, and J. Chen, “Effects of various noise
exposures on endocochlear potentials correlated with cochlear
gross responses,”Hearing Research, vol. 59, no. 1, pp. 31–38, 1992.

[12] Y. Wang, K. Hirose, and M. C. Liberman, “Dynamics of noise-
induced cellular injury and repair in themouse cochlea,” Journal
of the Association for Research inOtolaryngology, vol. 3, no. 3, pp.
248–268, 2002.

[13] D. Henderson and M. Subramaniam, “Advances in our under-
standing of noise-induced hearing loss,” Applied Occupational
and Environmental Hygiene, vol. 11, no. 4, pp. 255–260, 1996.

[14] H. Sohmer, “Pathophysiological mechanisms of hearing loss,”
Journal of Basic and Clinical Physiology and Pharmacology, vol.
8, no. 3, pp. 113–125, 1997.

[15] W. R. Henry and M. J. Mulroy, “Afferent synaptic changes in
auditory hair cells during noise-induced temporary threshold
shift,” Hearing Research, vol. 84, no. 1-2, pp. 81–90, 1995.

[16] M. J. Mulroy, R. F. Fromm, and S. Curtis, “Changes in the
synaptic region of auditory hair cells during noise-induced
temporary threshold shift,” Hearing Research, vol. 49, no. 1–3,
pp. 79–87, 1990.

[17] D. Robertson, “Functional significance of dendritic swelling
after loud sounds in the guinea pig cochlea,” Hearing Research,
vol. 9, no. 3, pp. 263–278, 1983.

[18] M. C. Liberman and M. J. Mulroy, “Acute and chronic effects
of acoustic trauma: cochlear pathology and auditory nerve
pathophysiology,” inNewPerspectives onNoise-InducedHearing
Loss, R. P. Henderson, D. Henderson, and R. J. Salvi, Eds., pp.
105–135, Raven Press, New York, NY, USA, 1982.

[19] H. Spoendlin, “Primary structural changes in the organ of corti
after acoustic overstimulation,” Acta Oto-Laryngologica, vol. 71,
no. 1-6, pp. 166–176, 1971.

[20] Q. Song, P. Shen, X. Li et al., “Coding deficits in hidden
hearing loss induced by noise: the nature and impacts,” Scientific
Reports, vol. 6, Article ID 25200, 2016.

[21] L. Shi, X. Guo, P. Shen et al., “Noise-induced damage to ribbon
synapses without permanent threshold shifts in neonatal mice,”
Neuroscience, vol. 304, pp. 368–377, 2015.

[22] L. Shi, L. Liu, T. He et al., “Ribbon synapse plasticity in the
cochleae of guinea pigs after noise-induced silent damage,”PLoS
ONE, vol. 8, no. 12, Article ID e81566, 2013.

[23] L. Liu, H.Wang, L. Shi et al., “Silent damage of noise on cochlear
afferent innervation in guinea pigs and the impact on temporal
processing,” PLoS ONE, vol. 7, no. 11, Article ID e49550, 2012.

[24] G. C. Stamper and T. A. Johnson, “Auditory function in normal-
hearing, noise-exposed human ears,” Ear and Hearing, vol. 36,
no. 2, pp. 172–184, 2015.

[25] S. G. Kujawa and M. C. Liberman, “Synaptopathy in the noise-
exposed and aging cochlea: primary neural degeneration in
acquired sensorineural hearing loss,”Hearing Research, vol. 330,
pp. 191–199, 2015.

[26] C. J. Plack, D. Barker, and G. Prendergast, “Perceptual conse-
quences of ‘hidden’ hearing loss,” Trends in Hearing, vol. 18,
2014.

[27] A. C. Furman, S. G. Kujawa, and M. C. Liberman, “Noise-
induced cochlear neuropathy is selective for fibers with low
spontaneous rates,” Journal of Neurophysiology, vol. 110, no. 3,
pp. 577–586, 2013.

[28] W. Singer, A. Zuccotti, M. Jaumann et al., “Noise-induced inner
hair cell ribbon loss disturbs central arc mobilization: a novel
molecular paradigm for understanding tinnitus,” Molecular
Neurobiology, vol. 47, no. 1, pp. 261–279, 2013.

[29] D. Robertson, C. Bester, D. Vogler, and W. H. A. M. Mulders,
“Spontaneous hyperactivity in the auditory midbrain: relation-
ship to afferent input,” Hearing Research, vol. 295, pp. 124–129,
2013.

[30] Y. Niu, A. Kumaraguru, R. Wang, and W. Sun, “Hyperex-
citability of inferior colliculus neurons caused by acute noise
exposure,” Journal of Neuroscience Research, vol. 91, no. 2, pp.
292–299, 2013.

[31] K.-Y. Lee, “Pathophysiology of age-related hearing loss (periph-
eral and central),” Korean Journal of Audiology, vol. 17, no. 2, pp.
45–49, 2013.

[32] R. Schaette and D. McAlpine, “Tinnitus with a normal audio-
gram: physiological evidence for hidden hearing loss and
computational model,” The Journal of Neuroscience, vol. 31, no.
38, pp. 13452–13457, 2011.

[33] R. Nouvian, D. Beutner, T. D. Parsons, and T. Moser, “Structure
and function of the hair cell ribbon synapse,” Journal of
Membrane Biology, vol. 209, no. 2-3, pp. 153–165, 2006.

[34] T. Moser, A. Brandt, and A. Lysakowski, “Hair cell ribbon
synapses,” Cell and Tissue Research, vol. 326, no. 2, pp. 347–359,
2006.

[35] P. A. Fuchs, E. Glowatzki, and T. Moser, “The afferent synapse
of cochlear hair cells,” Current Opinion in Neurobiology, vol. 13,
no. 4, pp. 452–458, 2003.

[36] A. Merchan-Perez andM. C. Liberman, “Ultrastructural differ-
ences among afferent synapses on cochlear hair cells: correla-
tions with spontaneous discharge rate,” Journal of Comparative
Neurology, vol. 371, no. 2, pp. 208–221, 1996.

[37] V. G. Magupalli, K. Schwarz, K. Alpadi, S. Natarajan, G. M.
Seigel, and F. Schmitz, “Multiple RIBEYE-RIBEYE interactions
create a dynamic scaffold for the formation of synaptic ribbons,”
The Journal of Neuroscience, vol. 28, no. 32, pp. 7954–7967, 2008.



8 Neural Plasticity

[38] R. C. Uthaiah and A. J. Hudspeth, “Molecular anatomy of the
hair cell’s ribbon synapse,” The Journal of Neuroscience, vol. 30,
no. 37, pp. 12387–12399, 2010.

[39] Z. Jing, M. A. Rutherford, H. Takago et al., “Disruption of
the presynaptic cytomatrix protein bassoon degrades ribbon
anchorage,multiquantal release, and sound encoding at the hair
cell afferent synapse,”The Journal of Neuroscience, vol. 33, no. 10,
pp. 4456–4467, 2013.

[40] D. Khimich, R. Nouvtan, R. Pujol et al., “Hair cell synaptic
ribbons are essential for synchronous auditory signalling,”
Nature, vol. 434, no. 7035, pp. 889–894, 2005.

[41] B. N. Buran, N. Strenzke, A. Neef, E. D. Gundelfinger, T. Moser,
and M. C. Liberman, “Onset coding is degraded in auditory
nerve fibers from mutant mice lacking synaptic ribbons,” The
Journal of Neuroscience, vol. 30, no. 22, pp. 7587–7597, 2010.

[42] T. D. Parsons and P. Sterling, “Synaptic ribbon: conveyor belt or
safety belt?” Neuron, vol. 37, no. 3, pp. 379–382, 2003.

[43] C. Vogl, B. H. Cooper, J. Neef et al., “Unconventional molecular
regulation of synaptic vesicle replenishment in cochlear inner
hair cells,” Journal of Cell Science, vol. 128, no. 4, pp. 638–644,
2015.

[44] R. M. Nemzou N, A. V. Bulankina, D. Khimich, A. Giese, and
T. Moser, “Synaptic organization in cochlear inner hair cells
deficient for the CaV1.3 (𝛼1D) subunit of L-type Ca2+ channels,”
Neuroscience, vol. 141, no. 4, pp. 1849–1860, 2006.

[45] A. Brandt, D. Khimich, and T. Moser, “Few CaV1.3 channels
regulate the exocytosis of a synaptic vesicle at the hair cell
ribbon synapse,”The Journal of Neuroscience, vol. 25, no. 50, pp.
11577–11585, 2005.

[46] R. Pujol and J.-L. Puel, “Excitotoxicity, synaptic repair, and
functional recovery in the mammalian cochlea: a review of
recent findings,” Annals of the New York Academy of Sciences,
vol. 884, pp. 249–254, 1999.

[47] J.-L. Puel, C. d’Aldin, J. Ruel, S. Ladrech, and R. Pujol, “Synaptic
repair mechanisms responsible for functional recovery in vari-
ous cochlear pathologies,” Acta Oto-Laryngologica, vol. 117, no.
2, pp. 214–218, 1997.

[48] R. Pujol, J.-L. Puel, C. Gervais d’Aldin, and M. Eybalin, “Patho-
physiology of the glutamatergic synapses in the cochlea,” Acta
Oto-Laryngologica, vol. 113, no. 3, pp. 330–334, 1993.

[49] H. W. Lin, A. C. Furman, S. G. Kujawa, and M. C. Liberman,
“Primary neural degeneration in the guinea pig cochlea after
reversible noise-induced threshold shift,” Journal of the Associ-
ation for Research in Otolaryngology, vol. 12, no. 5, pp. 605–616,
2011.

[50] A.M. Craig, E. R. Graf, andM.W. Linhoff, “How to build a cen-
tral synapse: clues from cell culture,” Trends in Neurosciences,
vol. 29, no. 1, pp. 8–20, 2006.

[51] Y. Jin, “Synaptogenesis,” inWormBook, pp. 1–11, 2005.

[52] L. Abbas, “Synapse formation: let’s stick together,” Current
Biology, vol. 13, no. 1, pp. R25–R27, 2003.

[53] S. Okabe, “Birth, growth and elimination of a single synapse,”
Anatomical Science International, vol. 77, no. 4, pp. 203–210,
2002.

[54] M. A. Adly, I. Spiwoks-Becker, and L. Vollrath, “Ultrastructural
changes of photoreceptor synaptic ribbons in relation to time
of day and illumination,” Investigative Ophthalmology & Visual
Science, vol. 40, no. 10, pp. 2165–2172, 1999.

[55] F. Schmitz and D. Drenckhahn, “Intermediate stages in the
disassembly of synaptic ribbons in cone photoreceptors of the
crucian carp, Carassius carassius,” Cell & Tissue Research, vol.
272, no. 3, pp. 487–490, 1993.

[56] F. Schmitz, “Themaking of synaptic ribbons: how they are built
and what they do,” Neuroscientist, vol. 15, no. 6, pp. 611–624,
2009.

[57] I. Spiwoks-Becker, M. Glas, I. Lasarzik, and L. Vollrath, “Mouse
photoreceptor synaptic ribbons lose and regain material in
response to illumination changes,” European Journal of Neuro-
science, vol. 19, no. 6, pp. 1559–1571, 2004.

[58] H. Regus-Leidig, D. Specht, S. Tom Dieck, and J. H.
Brandstätter, “Stability of active zone components at the
photoreceptor ribbon complex,” Molecular Vision, vol. 16, pp.
2690–2700, 2010.

[59] F. Schmitz, “Presynaptic [Ca2+] and GCAPs: aspects on the
structure and function of photoreceptor ribbon synapses,”
Frontiers in Molecular Neuroscience, vol. 7, article 3, 2014.

[60] L. Shi, K. Liu, H.Wang et al., “Noise induced reversible changes
of cochlear ribbon synapses contribute to temporary hearing
loss in mice,” Acta Oto-Laryngologica, vol. 135, no. 11, pp. 1093–
1102, 2015.

[61] J. Ruel, J. Wang, G. Rebillard et al., “Physiology, pharmacology
and plasticity at the inner hair cell synaptic complex,” Hearing
Research, vol. 227, no. 1-2, pp. 19–27, 2007.

[62] L. D. Liberman, H. Wang, and M. C. Liberman, “Oppos-
ing gradients of ribbon size and AMPA receptor expression
underlie sensitivity differences among cochlear-nerve/hair-cell
synapses,”The Journal of Neuroscience, vol. 31, no. 3, pp. 801–808,
2011.

[63] E. D. Young and P. E. Barta, “Rate responses of auditory nerve
fibers to tones in noise near masked threshold,” Journal of the
Acoustical Society of America, vol. 79, no. 2, pp. 426–442, 1986.

[64] J. A. Costalupes, “Representation of tones in noise in the
responses of auditory nerve fibers in cats. I. Comparison with
detection thresholds,”The Journal of Neuroscience, vol. 5, no. 12,
pp. 3261–3269, 1985.

[65] M. C. Liberman, “Auditory-nerve response from cats raised in a
low-noise chamber,” Journal of the Acoustical Society of America,
vol. 63, no. 2, pp. 442–455, 1978.

[66] M. C. Liberman, “Single-neuron labeling in the cat auditory
nerve,” Science, vol. 216, no. 4551, pp. 1239–1241, 1982.

[67] J. J. Eggermont, “Animal models of auditory temporal process-
ing,” International Journal of Psychophysiology, vol. 95, no. 2, pp.
202–215, 2015.

[68] P. Heil andA. J. Peterson, “Basic response properties of auditory
nerve fibers: a review,” Cell and Tissue Research, vol. 361, no. 1,
pp. 129–158, 2015.

[69] L. D. Liberman and M. C. Liberman, “Dynamics of cochlear
synaptopathy after acoustic overexposure,” Journal of the Asso-
ciation for Research inOtolaryngology, vol. 16, no. 2, pp. 205–219,
2015.

[70] G. Mehraei, A. E. Hickox, H. M. Bharadwaj et al., “Auditory
brainstem response latency in noise as a marker of cochlear
synaptopathy,” The Journal of Neuroscience, vol. 36, no. 13, pp.
3755–3764, 2016.

[71] L. E. Humes, J. R. Dubno, S. Gordon-Salant et al., “Central
presbycusis: a review and evaluation of the evidence,” Journal of
the American Academy of Audiology, vol. 23, no. 8, pp. 635–666,
2012.

[72] J. P.Walton, “Timing is everything: temporal processing deficits
in the aged auditory brainstem,”Hearing Research, vol. 264, no.
1-2, pp. 63–69, 2010.

[73] S. Bertoli, J. Smurzynski, and R. Probst, “Effects of age, age-
related hearing loss, and contralateral cafeteria noise on the



Neural Plasticity 9

discrimination of small frequency changes: psychoacoustic and
electrophysiological measures,” Journal of the Association for
Research in Otolaryngology, vol. 6, no. 3, pp. 207–222, 2005.

[74] K. B. Snell, F. M. Mapes, E. D. Hickman, and D. R. Frisina,
“Word recognition in competing babble and the effects of age,
temporal processing, and absolute sensitivity,” Journal of the
Acoustical Society of America, vol. 112, no. 2, pp. 720–727, 2002.

[75] D. R. Frisina and R. D. Frisina, “Speech recognition in noise and
presbycusis: relations to possible neural mechanisms,” Hearing
Research, vol. 106, no. 1-2, pp. 95–104, 1997.

[76] C. A. Bauer, T. J. Brozoski, and K. Myers, “Primary afferent
dendrite degeneration as a cause of tinnitus,” Journal of Neu-
roscience Research, vol. 85, no. 7, pp. 1489–1498, 2007.

[77] J. J. Eggermont, “Acquired hearing loss and brain plasticity,”
Hearing Research, 2016.

[78] Y. Zhao, Q. Song, X. Li, and C. Li, “Neural hyperactivity of
the central auditory system in response to peripheral damage,”
Neural Plasticity, vol. 2016, Article ID 2162105, 9 pages, 2016.

[79] P. O. Laugen Heggdal, J. Brännström, H. J. Aarstad, F. S.
Vassbotn, and K. Specht, “Functional-structural reorganisation
of the neuronal network for auditory perception in subjects
with unilateral hearing loss: review of neuroimaging studies,”
Hearing Research, vol. 332, pp. 73–79, 2016.

[80] A. R. Fetoni, D. Troiani, L. Petrosini, andG. Paludetti, “Cochlear
injury and adaptive plasticity of the auditory cortex,” Frontiers
in Aging Neuroscience, vol. 7, article 8, 2015.

[81] J. Syka and N. Rybalko, “Threshold shifts and enhancement of
cortical evoked responses after noise exposure in rats,” Hearing
Research, vol. 139, no. 1-2, pp. 59–68, 2000.

[82] J. F. Willott and S. M. Lu, “Noise-induced hearing loss can alter
neural coding and increase excitability in the central nervous
system,” Science, vol. 216, no. 4552, pp. 1331–1334, 1982.

[83] S. Yang, W. Su, and S. Bao, “Long-term, but not transient,
threshold shifts alter themorphology and increase the excitabil-
ity of cortical pyramidal neurons,” Journal of Neurophysiology,
vol. 108, no. 6, pp. 1567–1574, 2012.

[84] W. H. A. M. Mulders and D. Robertson, “Hyperactivity in
the auditory midbrain after acoustic trauma: dependence on
cochlear activity,” Neuroscience, vol. 164, no. 2, pp. 733–746,
2009.

[85] W. Sun, A. Deng, A. Jayaram, and B. Gibson, “Noise exposure
enhances auditory cortex responses related to hyperacusis
behavior,” Brain Research, vol. 1485, pp. 108–116, 2012.

[86] D. Ruggles, H. Bharadwaj, and B. G. Shinn-Cunningham,
“Normal hearing is not enough to guarantee robust encoding
of suprathreshold features important in everyday communica-
tion,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 108, no. 37, pp. 15516–15521, 2011.

[87] J. W. Gu, B. S. Herrmann, R. A. Levine, and J. R. Melcher,
“Brainstem auditory evoked potentials suggest a role for the
ventral cochlear nucleus in tinnitus,” Journal of the Association
for Research in Otolaryngology, vol. 13, no. 6, pp. 819–833, 2012.

[88] M. Knipper, P. Van Dijk, I. Nunes, L. Rüttiger, and U. Zim-
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