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a b s t r a c t

Mutations in the OTOF gene encoding otoferlin result in a disrupted function of the ribbon synapses with
impairment of the multivesicular glutamate release. Most affected subjects present with congenital
hearing loss and abnormal auditory brainstem potentials associated with preserved cochlear hair cell
activities (otoacoustic emissions, cochlear microphonics [CMs]). Transtympanic electrocochleography
(ECochG) has recently been proposed for defining the details of potentials arising in both the cochlea and
auditory nerve in this disorder, and with a view to shedding light on the pathophysiological mechanisms
underlying auditory dysfunction.

We review the audiological and electrophysiological findings in children with congenital profound
deafness carrying two mutant alleles of the OTOF gene. We show that cochlear microphonic (CM)
amplitude and summating potential (SP) amplitude and latency are normal, consistently with a pre-
served outer and inner hair cell function. In the majority of OTOF children, the SP component is followed
by a markedly prolonged low-amplitude negative potential replacing the compound action potential
(CAP) recorded in normally-hearing children. This potential is identified at intensities as low as 90 dB
below the behavioral threshold. In some ears, a synchronized CAP is superimposed on the prolonged
responses at high intensity. Stimulation at high rates reduces the amplitude and duration of the pro-
longed potentials, consistently with their neural generation. In some children, however, the ECochG
response only consists of the SP, with no prolonged potential. Cochlear implants restore hearing sensi-
tivity, speech perception and neural CAP by electrically stimulating the auditory nerve fibers.

These findings indicate that an impaired multivesicular glutamate release in OTOF-related disorders
leads to abnormal auditory nerve fiber activation and a consequent impairment of spike generation. The
magnitude of these effects seems to vary, ranging from no auditory nerve fiber activation to an abnormal
generation of EPSPs that occasionally trigger a synchronized electrical activity, resulting in high-
threshold CAPs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Auditory neuropathy (AN) is a hearing disorder characterized by
a disrupted temporal coding of acoustic signals in the auditory
nerve fibers resulting in impairment of auditory perceptions
nces, Audiology and Phoni-
, I-35128 Padova, Italy.
antarelli).
relying on temporal cues. Speech perception, gap detection and the
spatial localization of sounds are affected as a consequence. The
magnitude of these perceptual changes is independent of the
changes in audibility (Starr et al., 1996, 1998, 2008; Zeng et al.,
2005).

The mechanisms believed to be involved are functional alter-
ations at pre- and post-synaptic sites, including inner hair cell (IHC)
depolarization, neurotransmitter release from ribbon synapses,
spike initiation in auditory nerve terminals, loss of nerve fibers and
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the neural dys-synchrony accompanying demyelination (Starr et al.,
2003, 2004). Physiological measures of outer hair cell (OHC) ac-
tivity, such as otoacoustic emissions (OAEs) and cochlear micro-
phonics (CMs), are typically normal (Berlin et al., 2010; Starr et al.,
1996, 2001). A dys-synchronous auditory nerve activity is apparent
from an attenuated amplitude and a delay in auditory brainstem
responses (ABRs) (Starr et al., 1996, 2008).

A frequent cause of presynaptic AN is associated with mutations
of the OTOF gene (DFNB9) (Rodríguez-Ballesteros et al., 2003; Varga
et al., 2003), which encodes otoferlin, a transmembrane protein
belonging to the ferlin protein family and involved in glutamate
neurotransmitter release at the ribbon synapse of IHCs. The ab-
normalities of neurotransmitter release are accompanied by
impaired auditory nerve fiber activation. This would result in both
dys-synchrony of auditory nerve activity and a decreased input to
the auditory brainstem pathways, leading in turn to variable
amounts of hearing loss and impaired temporal processing of
acoustic information.

In this paper, we first review the spectrum of deafness-causing
mutations in the OTOF gene and the proposed pathophysiological
mechanisms underlying the impairment of auditory nerve activa-
tion, then we focus on the relationship between the audiological
phenotype and the auditory nerve activity recorded using trans-
tympanic electrocochleography (ECochG). The latter provides
quantitative measures of changes in both IHC receptor potentials
and auditory nerve terminal activities in response to acoustic
stimuli.

2. Spectrum of OTOF mutations

Otoferlin is encoded by the OTOF gene, which lies in the chro-
mosomal region 2p23.1. It spans 101,495 bp and contains 49 exons
(named 1 to 48, plus 50UTRsf1, an alternative exon located between
exons 19 and 20). The use of different transcription and translation
start sites, together with alternative exon 6, 31 and 47 splicing,
generate diverse mRNAs that encode a variety of isoforms of oto-
ferlin. All isoforms are anchored to the membrane through a
transmembrane segment located near the C-terminus of the pro-
tein. Otoferlin isoforms specific to the inner ear have a trans-
membrane segment encoded by exon 48, whereas this segment is
encoded by exon 47 in brain-specific isoforms (Yasunaga et al.,
2000).

Otoferlin is a member of the ferlin family of cytosolic proteins,
which contain several repeats of a structural module called the C2
domain (Yasunaga et al., 1999). Many (but not all) C2 domains can
bind calcium and phospholipids. Long isoforms of otoferlin have six
C2 domains (named C2A to C2F), while the short isoforms contain
only three (named C2D to C2F) (Yasunaga et al., 2000). It has been
demonstrated experimentally that C2A is the only C2 domain of
otoferlin unable to bind calcium (Johnson and Chapman, 2010;
Ramakrishnan et al., 2009; Roux et al., 2006).

Studies performed in mice indicate that, in the mature cochlea,
otoferlin is located almost exclusively in the IHCs, most of the
protein in their basolateral part, apparently in association with the
synaptic vesicles surrounding the ribbon, or close to the presyn-
aptic plasma membrane (Roux et al., 2006). Otoferlin might have a
dual role in synaptic vesicle exocytosis, as a calcium sensor for
synaptic vesicle fusion (Roux et al., 2006), and as a priming factor
enabling fast vesicle replenishment (Pangr�si�c et al., 2010, 2012).

The currently-known spectrum of sequence variants of the OTOF
gene includes more than 90 pathogenic mutations and over 50
neutral variants (Mahdieh et al., 2012; Rodríguez-Ballesteros et al.,
2008). Pathogenic variants are responsible for the DFNB9 type
of autosomal recessive non-syndromic hearing impairment
(Yasunaga et al., 1999).
Mutations in OTOF account for 1.4e5% of cases of autosomal
recessive non-syndromic hearing impairment in the populations
that have been studied to date (Choi et al., 2009; Duman et al., 2011;
Hutchin et al., 2005; Iwasa et al., 2013; Jin et al., 2014; Mahdieh
et al., 2012; Rodríguez-Ballesteros et al., 2003; Romanos et al.,
2009; Varga et al., 2006). These mutations have been found in
very different proportions in cohorts of subjects from several
countries, ranging from about 5% in some Chinese and Korean
studies, through 50e60% in studies from the USA, Brazil and Japan,
to 86% in Spanish cohorts (Bae et al., 2013; Chiu et al., 2010; Jin
et al., 2014; Matsunaga et al., 2012; Rodríguez-Ballesteros et al.,
2008; Romanos et al., 2009; Varga et al., 2006; Wang et al., 2010).
This wide range of frequencies may reflect an actual diversity be-
tween populations, as exemplified by the very high frequency seen
in the Spanish population, which is probably related to a genetic
founder effect for a single, very frequent mutation. It should be
noted, however, that the sizes of the cohorts studied were small
and the criteria adopted for including subjects in the various co-
horts were not homogeneous, and this could strongly bias the
results.

Most patients present with a very homogeneous phenotype of
severe-to-profound congenital hearing loss. Over 50% of children
carrying twomutant alleles of the OTOF gene have a preserved OHC
function as indicated by CM and OAE recordings (Rodríguez-
Ballesteros et al., 2003; Varga et al., 2003). The disappearance of
OAEs over time has been reported in some patients with otoferlin-
related mutations as possibly reflecting delayed damage to OHCs
(Rodríguez-Ballesteros et al., 2003; Chiu et al., 2010).

About 75% of OTOF pathogenicmutations are clearly inactivating
(sometimes named truncating). This group includes large deletions
that remove numerous exons, nonsense mutations, small duplica-
tions and deletions that lead to frameshifts giving rise to premature
stop codons, and splice-site mutations that result in exon skipping.
These mutations could lead to the synthesis of truncated poly-
peptides, but it is very likely that their mRNAs are degraded by
nonsense-mediated decay and thus, no polypeptide would be
synthesized. All thesemutations are associatedwith a phenotype of
severe-to-profound prelingual hearing impairment (Rodríguez-
Ballesteros et al., 2008).

The remaining mutations (usually called non-truncating) are
believed to result in complete polypeptides. Most of them are
missense mutations, believed to result in amino acid substitutions,
and there are also a few in-frame deletions that remove single
amino acid residues. Remarkably, most of these changes occur
within the functional domains of otoferlin (the C2 domains B to F,
or the transmembrane domain; non-pathogenic variants occur
mainly outside these domains). Many of these mutations are also
associated with a phenotype of severe-to-profound prelingual
hearing impairment, suggesting that the proteins are not func-
tional, probably due to enhanced degradation (Rodríguez-
Ballesteros et al., 2008). Some mutations of this group deviate
from the usual phenotype, however, suggesting a conditional or
residual function of the mutated proteins. Among them, six mu-
tations (p.I515T, p.G541S, p.G614E, p.R1080P, p.R1607W, and
p.E1804del) have been reported in patients with a temperature-
sensitive phenotype (Marlin et al., 2010; Matsunaga et al., 2012;
Romanos et al., 2009; Varga et al., 2006; Wang et al., 2010). In
addition, mutation p.E1700Q (which affects a residue in the linker
region between domains C2E and C2F) results in progressive
hearing loss that may range in severity from mild to profound
(Chiu et al., 2010). One child carrying this mutation, who had no
ABRs but did have OAEs at six months of age, showed progressive
worsening of hearing thresholds and disappearance of OAEs by the
age of 3 years.
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3. OTOF gene mutations result in pre-synaptic auditory
neuropathy

In the healthy cochlea, the dynamics of receptor potentials and
auditory nerve fiber activation are well suited to fast and precise
signal transmission (Moser et al., 2006). At presynaptic level, the
temporal precision of acoustic signaling is guaranteed by the rapid
kinetics of synaptic release, triggered by calcium influx through one
or two calcium channels, tight coupling of these channels to the
vesicle release sites, and a parallel release of multiple vesicles
through the ribbon synapses. These specialized synapses contain
an electron-dense body, the ribbon, that enables the rapid release
of hundreds of glutamate-containing vesicles in response to graded
receptor potentials (Buran et al., 2010). High glutamate release
rates lead to the generation of excitatory post-synaptic potentials
(EPSPs), which trigger spike initiation in the auditory nerve fibers
through AMPA receptor activation (Glowatzki and Fuchs, 2002).
These receptors have a low affinity for glutamate, and this results in
quick post-synaptic membrane activation and de-activation times,
thus ensuring that nerve fiber sensitivity is preserved despite the
large amounts of neurotransmitter being released in the synaptic
cleft. At auditory nerve level, the velocity and precision of spike
initiation and propagation are guaranteed by the abundance of
Nav1.6 channels and their strategic distribution along the nerve
fibers (Hossain et al., 2005).

The disruption of any one of these mechanisms interferes with
the precise temporal coding of acoustic signals. At presynaptic
level, an impaired multivesicular release results in a more limited
neurotransmitter availability at the synaptic cleft, with the gener-
ation of small EPSPs that have an abnormal morphology and are
dispersed in time (pre-synaptic AN) (Santarelli et al., 2009; Starr
et al., 2008; Wynne et al., 2013). At post-synaptic level,
decreasing numbers of auditory nerve fibers and demyelination of
the spared axons result in a lower auditory input to the central
nervous system and a slower conduction velocity in the residual
fibers (post-synaptic AN) (Starr et al., 2003, 2008; Wynne et al.,
2013).

The most well-known forms of AN are due to gene mutations
and may present as isolated hearing disorders or associated with
multisystem involvement (Santarelli, 2010; Starr et al., 2000, 2008).
In general, most isolated forms of AN are associated with presyn-
aptic mechanisms, whereas AN disorders with multisystem
involvement are typically due to post-synaptic mechanisms that
affect both auditory and peripheral nerves.

Onewell-studied form of presynaptic AN is caused bymutations
in the OTOF gene (Rodríguez-Ballesteros et al., 2003, 2008;
Santarelli et al., 2009; Starr et al., 1998; Varga et al., 2003). Oto-
ferlin has been implicated in multivesicular release at the synapse
between the IHCs and auditory nerve fibers. The rapid phase of
exocytosis is abolished in IHCs of knock-out mice (Roux et al., 2006)
and this condition is not reversed by fast Caþþ influx or Caþþ
uncaging (Pangr�si�c et al., 2012). These findings support the hy-
pothesis that otoferlin acts as a Caþþ-sensor that triggers vesicle
fusion with the presynaptic membrane (Roux et al., 2006). In this
view, the absence of otoferlin or its alteration can be expected to
interfere with the precise timing of acoustic signals, particularly at
high frequencies, with a consequent dys-synchrony of auditory
nerve fiber activation and spiking.

Another function for otoferlin has been proposed in the light of
the effects of the missense mutation in the C2eF domain in the
pachanga mouse, which results in a slower replenishment of the
readily-releasable pool of vesicles at the synaptic pole of IHCs
(Pangr�si�c et al., 2010). The availability of a large, rapidly-releasable
pool of synaptic vesicles is designed to ensure a fast and precise
acoustic coding through the release of large amounts of
neurotransmitter within a very short time. This priming function is
expected to be closely connected to the synchronization of auditory
nerve fiber discharge. Slowing the stimulation rate in the pro-
foundly deaf pachanga mouse results in better neural spiking in
single auditory nerve fibers at sound onset, consistent with the
hypothesis that the fast phase of exocytosis also relies on the
availability of a promptly-releasable pool of vesicles.

Otoferlin has recently been found to interact with AP-2 and
myosin VI, two proteins involved in clathrin-mediated endocytosis
(Duncker et al., 2013), which is essential to synaptic vesicle
replenishment. On these grounds a further role for otoferlin has
been suggested: it could be involved in coupling exocytosis and
endocytosis in IHCs, thus providing the basis for sustained release
at the ribbon synapse.

4. Clinical features of OTOF-Related auditory neuropathy

Most patients carrying twomutant alleles of the OTOF gene have
congenital severe-to-profound hearing loss and absent ABRs
(Rodríguez-Ballesteros et al., 2003, 2008; Santarelli et al., 2009;
Varga et al., 2003, 2006). Lesser degrees of hearing loss have
been reported in subjects carrying some missense OTOFmutations.
Otoferlin may retain a residual function in such cases, with hearing
preserved to some degree (Chiu et al., 2010; Matsunaga et al., 2012).
Unfortunately, speech perception was not assessed systematically
in these patients.

Some individuals harboring missense mutations in the OTOF
gene suffer from a particular disorder called temperature-sensitive
auditory neuropathy (Marlin et al., 2010; Starr et al., 1998; Varga
et al., 2006; Wynne et al., 2013). When afebrile, these patients
have normal or only mildly elevated hearing thresholds. When
their core temperature rises, their hearing thresholds increase,
leading to variable degrees of hearing loss. Profound deafness has
been documented in some patients with a temperature increase of
1 �C. Speech perception has been assessed in these patients in both
quiet and noisy conditions, using several tests such as the PBK-
word and the hint sentence recognition tests, and speech recep-
tion thresholdmeasures (Starr et al., 1998;Marlin et al., 2010; Varga
et al., 2006). In afebrile conditions, speech perception is normal or
only slightly impaired in quiet environments, but it is abnormally
reduced in the presence of background noise (Starr et al., 1998;
Varga et al., 2006). Speech perception deteriorates when the core
temperature rises, invariably becoming impaired even in quiet
environments regardless of the extent of the individual's hearing
threshold elevation (Starr et al., 1998; Marlin et al., 2010;
Matsunaga et al., 2012; Varga et al., 2006).

Wynne et al. (2013) recently studied adaptation in patients with
temperature-sensitive AN by measuring the perceived loudness
changes during the presentation of a continuous tone with a fixed
intensity for 3 min. The results were compared with findings
collected respectively in a group of normally-hearing subjects and a
group of patients with post-synaptic forms of AN (Fig. 1, left panel).
No change in loudness was perceived by the normally-hearing
controls during tone stimulation. In contrast, an abnormal loud-
ness adaptation occurred in the subjects with temperature-
sensitive AN, even when they were afebrile, and the change in
loudness was significantly greater in response to stimulation with
high-as opposed to low frequency tones. Adaptation was more
rapid and of greatermagnitude in temperature-sensitive AN than in
post-synaptic forms of auditory neuropathy, with the latter only
showing an abnormal adaptation to high-frequency tones.

Loudness adaptation during steady stimulation was paralleled
by changes inWave V amplitude and latency evoked by rapid trains
of clicks. Fig. 1 (right panel) shows averaged ABR recordings ob-
tained in response to each click in a train sequence (20 clicks, inter-



Fig. 1. Adaptation in subjects with temperature-sensitive AN. Loudness adaptation (left panel) at low and high frequencies for subjects with ribbon synapse disorder (filled squares)
is compared with normally-hearing individuals (open circles) and patients with post-synaptic AN (filled triangles). Patients with ribbon synapse disorders showed an abnormal
loudness adaptation, and the magnitude of this effect was more pronounced at high frequency. An abnormal adaption was only seen in subjects with post-synaptic AN at high
frequency, and it was significantly lower than in patients with temperature-sensitive AN. Averaged ABR recordings (right panel) obtained in response to each click in a train
sequence (20 clicks, inter-click interval 13 ms, inter-train interval 553 ms) are shown on the right for normally-hearing individuals, patients with temperature-sensitive AN, and
subjects with auditory nerve disorders. A different wave V adaptation pattern emerged between cases of ribbon synapse and neural disorders. (Modified with permission from
Wynne et al., Brain 2013; 136: 1626e1638).
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click interval 13 ms, inter-train interval 553 ms) from normally-
hearing individuals, subjects with temperature-sensitive AN
tested when afebrile, and patients with a hereditary neuropathy
affecting the auditory nerve. In the normally-hearing subjects,
Wave V was identified in response to every click in the train. Wave
V latency was 5.7 ms in response to the first click, and increased to
5.9 ms by the third click in the train, whereas Wave V amplitude
remained relatively constant throughout the click sequence. In the
patients with temperature-sensitive AN, Wave V was of low
amplitude and delayed latency (7.2 ms) in response to the first click
of the train, with a further delay in latency (7.5 ms) in response to
the next 4 clicks, and was then absent in response to subsequent
clicks. These findings suggest that neurotransmitter release is
reduced at the onset of acoustic stimuli in temperature-sensitive
AN, and becomes further impaired during sustained stimulation.
In subjects showing post-synaptic AN, the initial click of the train
evoked a Wave V of normal latency (5.7 ms) whereas Wave V was
absent or delayed in response to subsequent clicks, consistently
with an auditory nerve fiber conduction block. On the basis of these
findings, the authors concluded that differences in loudness
adaptation between temperature-sensitive ribbon synapse disor-
ders and post-synaptic neural AN likely reflect the failure of sus-
tained neurotransmitter release with sustained stimulation in the
former, and neural conduction changes in the latter.

The majority of subjects carrying mutations in the OTOF gene
present with a very homogeneous phenotype of congenital pro-
found hearing loss. Eight hearing-impaired children with muta-
tions involving the two alleles of the OTOF gene have been
diagnosed and followed up at the University of Padua Service of
Audiology and Phoniatrics in the last ten years, while their genetic
analyses were performed at the Hospital Ram�on y Cajal in Madrid.
Details of their genetic findings together with clinical and audio-
logical results are summarized in Table 1, while the location of their
pathogenic mutations in the OTOF gene is shown in Fig. 2. Four
subjects had truncating mutations in both alleles, three children,
who were siblings, had a truncating mutation in one allele and a
non-truncating mutation in the other, and the remaining child had
a non-truncating mutation in both alleles.



Table 1
Clinical and Audiological data from OTOF patients.

Subjects# #1 #2 #3 #4 #5 #6 #7 #8

Clinical
Gender M F F M M M M M
Age tested 1 year 1 year 2 years 2 years 1 year 1 year 4 months 2 years
Genotype p.Arg1134*/

p.Trp1739*
p.Val537*/
p.Arg656Glyfs*10

p.Glu747*/
pGlu747*

p.Pro534Glnfs*4/
p.Tyr913Alafs*90

p.Tyr913Alafs*90/
p.Ala964Glu

p.Tyr913Alafs*90/
p.Ala964Glu

p.Tyr913Alafs*90/
p.Ala964Glu

p.Phe1795Cys/
p.Phe1795Cys

Mutation
Classification

Truncating/
Truncating

Truncating/
Truncating

Truncating/
Truncating

Truncating/
Truncating

Truncating/
Non-truncating

Truncating/
Non-truncating

Truncating/
Non-truncating

Non-truncating/
Non-truncating

Audiology R/L
Deafness Profound Profound Profound Profound Profound Profound Profound Profound
PTA (dB HL) 121 120 107 114 120 109 113 114
OAEs þ/þ þ/þ þ/þ þ/þ þ/þ þ/þ þ/þ þ/þ
ABRs �/� �/� �/� �/� �/� �/� �/� �/�
ECochG R/L
Pattern A/A B/A A/B C/C C/C A/A A/A B/B
Prolong THR

(dB SPL)
60/90 60/80 70/60 e e 50/60 60/60 70/70

Prolong THR
(dB nHL)

30/60 30/50 40/30 e e 20/30 30/30 40/40

Cochlear Implant
CI yes CI24RE CI24RE CI24RE CI24RE CI24RE CI512 yes
Ear e Right Left Right Right Right Right e

HA yes yes yes yes yes yes yes yes
Age at implant

(yrs)
e 4 2 2 2 1.5 1 e

Disyllable
Recognition

e 95% 95% 100% 90% 100% 95% e

R/L ¼ right ear/left ear; PTA ¼ pure tone average (average thresholds at 0.5, 1, 2, 4 kHz); OAEs ¼ otoacoustic emissions; ABRs ¼ auditory brainstem responses; Prolong
THR ¼ threshold of the prolonged potential; CI ¼ cochlear implant; HA ¼ hearing aid.
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All the children underwent ABR and OAE recording, and
completed a behavioral audiometry. They were all tested with
transtympanic electrocochleography (ECochG) as part of the
objective measurement of their cochlear and auditory nerve func-
tion before undergoing cochlear implantation.

An example of the audiological findings collected from one child
(Subj. #2) is shown in Fig. 3. Visual reinforcement audiometry
performed in the free field indicated a profound hearing loss with
some residual hearing at low frequencies. ABR recordings showed
Fig. 2. Location of the pathogenic mutations in the OTOF gene found in the patients review
cDNA (accession number AF183185.1) and on the correlated position in the protein. A ho
numbered. The reference cDNA does not contain exon 6. Exon 47 has been removed from the
the C2 domains, whereas the cross-hatched box represents the transmembrane domain. M
which mutations affect only the long isoforms of otoferlin, and which affect all isoforms.
no evoked responses, while distortion product otoacoustic emis-
sions (DPOAEs) were detected bilaterally. The use of power hearing
aids resulted in a considerable improvement in pure tone sensi-
tivity (Santarelli et al., 2013a).

Similar results were obtained in all the other children carrying
OTOF mutations. They were all fitted with power hearing aids
before undergoing cochlear implantation. Fig. 4 shows the means
and standard errors for the unaided and aided hearing thresholds
obtained for all the children using visual reinforcement
ed in this study. Vertical lines indicate the position of each mutation on the reference
rizontal bar depicts the cDNA, and small vertical bars delimit the exons, which are
figure, as it is not present in the cochlear isoforms of the protein. Black boxes represent
issense mutations are shown in bold. Curly brackets on the top of the figure indicate



Fig. 3. Hearing thresholds and DPOAEs, ABRs and ECochG recordings collected from one child carrying two mutant alleles of the OTOF gene (subject #2). The audiometric
assessment performed in the free field using visual reinforcement audiometry is shown in the upper left panel. Both unaided and aided thresholds are shown, the latter obtained
with the child wearing both hearing aids. Note that the functional gain was good, but the aided thresholds were beyond the intensity range calculated for conversational speech
(shadowed rectangle). DPOAEs were detected in both ears (lower left), whereas ABRs were absent (upper right). ECochG recordings (lower right) showed the summating potential
(SP) followed by a prolonged negative response, recorded as low as 70 dB SPL (corresponding to 40 dB nHL) despite the profound hearing loss identified at audiometry. The
compound action potential (CAP) was superimposed on the prolonged response at high intensity. In this and subsequent figures, the time “0” refers to CM onset, the horizontal lines
indicate the baseline. (Modified with permission from Santarelli et al., Semin Hear 2013; 34: 51e64).

Fig. 4. Means and standard errors of unaided (closed squares) and aided (open sym-
bols) hearing thresholds in childrenwith OTOF gene mutations. Mean aided thresholds,
obtained with children wearing both hearing aids (open squares), indicated im-
provements in hearing sensitivity, but they fell beyond the intensity range of
conversational speech (shadowed rectangle). In contrast, hearing thresholds obtained
using the cochlear implant (open circles) showed a restored hearing sensitivity from
the low to the high frequencies.
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audiometry. Profound deafness was identified, with some residual
hearing at frequencies below 1 kHz. Aided thresholds (measured
with the children wearing both hearing aids) showed a marked
improvement in pure tone sensitivity, particularly at the fre-
quencies showing some residual hearing; however, they proved to
be above the intensity range of conversational speech (Boothroyd,
2008). These findings suggest that increasing the sound level by
means of acoustic amplification is likely to result in a greater
glutamate release at the ribbon synapses and an enhanced auditory
nerve fiber activation, with a consequent improvement in hearing
sensitivity.

It was difficult to test speech perceptionwith the hearing aids in
these children due to their young age. One child (subject #2) was
able to perform word identification (Speech Perception Categories
by Geers and Moog, 1991), while two (subjects #4, #7) detected
speech sounds (Six Sound Test).

All OTOF children received a cochlear implant (Table 1). The use
of hearing aids might have positively influenced the outcome after
cochlear implantation in terms of speech intelligibility (Arti�eres
et al., 2009) by acting as “a bridge to auditory access to language”
(Nicholas and Geers, 2007).

5. Cochlear potentials

In recent years, the diagnostic use of ECochG recordings has
been proposed for defining the details of potentials arising in the
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cochlea and auditory nerve in the various forms of AN (McMahon
et al., 2008; Santarelli and Arslan, 2002, 2013, 2015; Santarelli
et al., 2008, 2009, 2013a, 2013b). Such information may prove
extremely valuable in objectively ascertaining the site of auditory
nerve dysfunction and shedding light on the underlying patho-
physiological mechanisms in order to plan an appropriate reha-
bilitation strategy.

Bilateral ECochG recordings are part of our audiological
assessment when the reliability of ABRs for estimating hearing
thresholds may be reduced (Santarelli and Arslan, 2013, 2015).
ECochG recordings are also part of our standard assessment pro-
tocol in candidates for cochlear implants. We record ECochG po-
tentials through a transtympanic approach by using a sterile
stainless steel needle electrode placed on the promontory wall. In
children, ECochG recordings are performed under general anes-
thesia. The stimuli, usually clicks, are presented in the free field
with a maximum intensity of 120 dB p.e. (peak equivalent) SPL
(corresponding to 90 dB nHL when referred to the psychoacoustic
threshold of normally-hearing individuals).

ECochG responses result from the superimposition of three
components, two originating from receptor elements, the cochlear
microphonic (CM) and the summating potential (SP), and the third,
the compound action potential (CAP), arising from the synchronous
activation of auditory nerve fibers innervating the basal portion of
the cochlea (Eggermont, 1976). CM responses are believed to
originate mainly from the sum of the extracellular components of
Fig. 5. Cochlear potentials recorded in a normally-hearing individual and in a child with m
intensities. The cochlear microphonic (CM) was recorded in the OTOF child with control amp
consisted of a fast negative deflection, the receptor summating potential (SP), followed by t
gradual latency increase and amplitude reduction of both SP and CAP peaks. In the child wit
at the same SP peak latency as in the normal control and showing a comparable amplitud
duration compared with the CAP recorded in the control.
receptor potentials arising from OHCs located in the basal cochlear
region (Dallos and Cheatham, 1976). SP responses recorded from
the promontory wall originate from the DC component of receptor
potentials arising in the basal IHCs (Durrant et al., 1998). Receptor
and neural activities are intermingled in ECochG waveforms, often
preventing the identification of individual components. Since CM
activity is strictly related to basilar membrane motion, the proce-
dure of averaging the potentials evoked separately by condensation
and rarefaction stimuli is generally used to extract both the SP and
the CAP components (Eggermont, 1976).

Fig. 5 shows ECochGwaveforms recorded in response to clicks at
decreasing stimulus intensities for a normally-hearing control and
a child carrying twomutant alleles of the OTOF gene (Subj. #1). The
CM potential appears as an oscillatory activity identified as low as
90 dB SPL in both the normal control and the OTOF patient with
comparable amplitudes. In the normal control, the ECochG wave-
form resulting from CM cancellation at high intensity begins with
an abrupt negative deflection, the SP, followed by a negative peak,
the neural CAP (Eggermont, 1976; Elberling, 1976). Decreasing the
stimulus level results in a gradual latency increase and amplitude
reduction of both SP and CAP peaks. The duration of the SP-CAP
complex, as measured from SP onset to return to baseline, is rela-
tively constant at suprathreshold intensities (1.5e2 ms), but in-
creases at lower stimulation levels of about 1e2 ms.

In themajority of OTOF children, the ECochG responses recorded
at high intensity begin with a rapid negative deflection that peaks
utations in the OTOF gene (Subj. #1) in response to clicks at decreasing stimulation
litudes. After CM cancellation, the ECochG waveforms recorded from the normal control
he neural compound action potential (CAP). Decreasing the stimulus level resulted in a
h OTOF mutations the ECochG responses began with a fast negative deflection, peaking
e. This was followed by a low-amplitude, negative potential with markedly prolonged



Fig. 6. Cochlear potentials recorded in children with mutations in the OTOF gene.
Three patterns of ECochG responses were recognized at high stimulus intensity
(120 dB SPL). They are superimposed on the grand average of ECochG waveforms with
95% confidence limits calculated for controls at the same intensity. In the most com-
mon pattern (pattern “A”), the summating potential (SP) was followed by a low-
amplitude, negative response with markedly increased duration compared with con-
trols. In a second pattern (pattern “B”), a small compound action potential (CAP) was
superimposed on the prolonged response. In a third pattern (pattern “C”), the response
only consisted of the initial fast negative component peaking at the same SP peak
latency as in the normal control. R: right ear, L: left ear.
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at the same SP peak latency as in the normal control and is of a
comparable amplitude. This is followed by a low-amplitude nega-
tive potential showing a markedly prolonged duration compared
with the CAP recorded in the control, which returns to baseline at
approximately 13e14 ms after the onset of the response. This
prolonged potential was recorded at stimulus intensities well
below the behavioral threshold in all OTOF patients. This is shown
in the example in Fig. 3, where the prolonged negative response
was identified as low as 70 dB SPL (corresponding to 40 dB nHL)
despite the profound hearing loss found at audiometry. The dif-
ferences between the behavioral thresholds and the threshold of
the prolonged potential in all subjects are apparent from Table 1.
The pure tone average (PTA) thresholds at 0.5, 1, 2 and 4 kHz,
measured in the free field, appear markedly higher than the
threshold of the prolonged response in each child.

Three patterns of ECochG potentials were observed in the OTOF
children (Fig. 6, Table 1). In themost commonpattern (“A” in Fig. 6),
identified in eight ears, only the prolonged response was recorded,
without any superimposed CAP (Fig. 6, upper panel). The second
pattern (“B” in Fig. 6) was seen in four ears and consisted of a small
CAP, peaking at the same CAP peak latency as in controls, which
was superimposed on the prolonged negative activity at high
stimulation levels (Fig. 6, middle panel; Fig. 3, lower right). In a
third pattern (“C” in Fig. 6), seen in two children (subjects #4 and
#5), the ECochG waveform only consisted of the initial abrupt
negative component, peaking at the same SP peak latency as in
controls, which was not followed by a prolonged potential. This
response returned to baseline approximately 2e3 ms after the
onset of the response (Fig. 6, lower panel).

The means and standard errors of the CM amplitude, and of the
SP latency and amplitude are plotted in Fig. 7 as a function of signal
intensity for a group of 20 normally-hearing controls (age range:
3.5e6.5 years) and for the 8 OTOF children. No differences in CM
amplitude were found between the two groups, and this is
consistent with a normal OHC activation in children carrying OTOF
mutations. SP latencies and amplitudes were also within the con-
trol range consistent with normal IHC activation dynamics,
although mean SP amplitudes appeared smaller in OTOF children
than in normally-hearing individuals. These findings are in accor-
dance with the results obtained by Pangr�si�c et al. (2010), who
showed normal receptor cochlear potentials (CM, SP) in the
pachanga mouse model of human deafness DFNB9.

In previous papers (Santarelli and Arslan, 2002; Santarelli et al.,
2008), to clarify whether the prolonged potentials recorded in
various forms of auditory neuropathy originate from neural or re-
ceptor activation, we used a high-rate adaptation procedure that
preferentially attenuates neural responses by taking advantage of
the different effects of high stimulation rates on neural and re-
ceptor potentials (Eggermont, 1976). The stimulus sequence con-
sisted of an initial click, followed 15 ms later by ten clicks with an
inter-stimulus interval of 2.9 ms, and the sequence was repeated
every 191 ms (Santarelli et al., 2008). This stimulus paradigm was
also used in the OTOF children, except for subject #8, whose stimuli
consisted of repetitive clicks presented with an inter-stimulus in-
terval of 91 ms.

Unlike the post-synaptic forms of AN, where the synapses are
believed to work normally, exocytosis, glutamate vesicle recycling
and replenishment might be impaired in ribbon synaptic disorders
as a consequence of otoferlin dysfunction (Pangr�si�c et al., 2012).
Thus, high stimulation rates might result in a greater attenuation of
receptor SP potentials in patients carrying OTOF mutations than in
normally-hearing controls or patients with post-synaptic AN. We
therefore studied the effects of adaptation on the cochlear poten-
tials using a low stimulus intensity to minimize the contribution of
the receptor SP to thewhole ECochGwaveform. In fact, we reported
in previous papers (Santarelli and Arslan, 2013, 2015) that the SP
amplitude decreases rapidly from 120 to 90 dB SPL in normally-
hearing subjects. Fig. 8A shows the ECochG recordings obtained
in a normally-hearing control and two children carrying OTOF
mutations, at intensities decreasing from 100 to 70 dB SPL in
response to the sequence of stimuli reported at the bottom. In the
normal control, CAP amplitude at 100 dB SPL showed a marked
attenuation from the first (#1) to the second (#2) click in the
sequence (which corresponded to the first click in the high-rate
train), then a further drop was apparent during the sustained
train sequence, whereas SP amplitude showed no attenuation from
the first to the last click in the sequence. A similar behavior was
observed at lower intensities, but the SP component was only
identified in response to the sustained train stimulation at 90 dB
SPL. The duration of the ECochG waveforms, measured from SP
onset to return to baseline, showed no change from the first to the
last click of the stimulus sequence at each intensity.

Two patterns of adaptation were seen in the children with OTOF
mutations. In the most common pattern (Fig. 8A, subject #6), the
ECochG waveform recorded at 100 dB SPL in response to the first
click of the sequence began with a rapid negative deflection that



Fig. 7. Means and standard errors of CM amplitudes and SP peak latencies and amplitudes at increasing stimulation intensities are shown for OTOF children (closed circles) and
normally-hearing controls (open squares). No significant differences in CM amplitudes or SP latencies and amplitudes were found between the two groups.
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peaked at the same SP peak latency as in the normal control, and
was followed by the prolonged negative potential. The early, rapid
SP component was also identified in response to the following
high-rate clicks. At intensities below 100 dB, the ECochG waveform
failed to show the initial rapid component, and only consisted of
the prolonged negative potential peaking at the same latency as the
CAP in the normal control. The duration of this potential decreased
Fig. 8. Adaptation of ECochG potentials in OTOF patients. The left panel (A) shows the ECoch
control and two OTOF children in response to the stimulus sequence shown at the bottom. In
CAP peak) was markedly attenuated after adaptation, whereas SP attenuation was much s
waveforms were markedly attenuated after adaptation and the duration of the response dec
pattern observed in subject #4 (lower trace) there was no evidence of any response atten
respectively to the SP peak at 100 dB and the CAP peak at 70 dB in the normal control. The r
ECochG potentials as a function of click position in the stimulus sequence, for the group of
responses. For the normally-hearing controls, mean CAP amplitudes are shown separately f
90 dB SPL. For the OTOF children, the mean amplitudes of the ECochG potentials were obtai
children with OTOF mutations the degree of cochlear potential attenuation during adaptatio
to 70 dB SPL. The right lower panel (C) shows the means and standard errors of the ECoch
sequence, for both normally-hearing controls and OTOF children, at an intensity of 90 dB SPL
change at high stimulus rates, whereas in OTOF children the duration of the ECochG wavef
during adaptation, and dropped to control values by the last click in
the sequence, while response amplitude was markedly attenuated.
This pattern of decreasing amplitude and duration after adaptation
was seen in 4 of the 7 OTOF children tested (subjects #1, #2, #3, #6).

A different adaptation pattern was seen in the two children
(subjects #4, #5) showing no prolonged ECochG potentials. In the
example in Fig. 8A (subject #4), a rapid stimulation rate induced no
G recordings obtained at intensities from 100 to 70 dB SPL from one normally-hearing
the normal control (upper trace), CAP amplitude (as measured from the baseline to the
maller. In the adaptation pattern seen in OTOF subject #6 (middle trace) the ECochG
reased to control values from the first to the last click in the sequence. In the adaptation
uation or change in duration at high stimulation rates. The vertical dashed lines refer
ight upper panel (B) shows the means and standard errors of normalized amplitudes of
normally-hearing controls and the four OTOF patients showing adaption of the ECochG
or intensities from 90 to 70 dB SPL together with the mean SP amplitudes obtained at
ned by averaging individual response amplitudes at intensities from 90 to 70 dB SPL. In
n was within the range of CAP attenuation calculated for controls at intensities from 90
G waveform durations calculated for the first (#1) and last click (#11) of the stimulus
(same sample as in B). The duration of the normal controls' cochlear potentials did not
orms decreased to control values during adaptation.
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change in either amplitude or duration after adaptation.
Unlike all the other OTOF patients, subject #7 showed no

response to the sustained train sequence (from the second to the
eleventh click) at intensities below 110 dB SPL.

In Fig. 8B the means and standard errors of ECochG response
amplitudes calculated for the group of normally-hearing controls
and the four OTOF children showing adaptation of the prolonged
responses (subjects #1, #2, #3, #6) are reported as a function of
click position in the stimulus sequence at intensities from 90 to
70 dB SPL. In the normally-hearing controls, CAP and SP peak
amplitudes were measured relative to the baseline of 1 ms imme-
diately preceding CM onset. In OTOF patients, the amplitude of the
ECochG waveform was measured from the baseline to the peak of
the prolonged response. In both normally-hearing controls and
OTOF children amplitudes were normalized to the first click in the
sequence.

In normally-hearing controls, the mean CAP amplitude obtained
at 90 dB SPL dropped by 23% from the first to the second click, and
showed an additional attenuation in the subsequent stimuli,
reaching a reduction of 61% by the end of the stimulus sequence.
The mean CAP attenuation at 80 and 70 dB SPL was 10e15% smaller
than the reduction calculated at 90 dB SPL (Santarelli and Arslan,
2013). The attenuation in SP amplitude after adaptation could
only bemeasured reliably at 90 dB SPL in less than one in two of the
normally-hearing controls. At this intensity, the mean SP attenua-
tion reached a reduction of 16% by the end of the stimulus
sequence, thus proving significantly smaller than the CAP
attenuation.

Since the OTOF children's responses to the high-rate click
sequence (from the second to the eleventh click) showed different
thresholds across ears, the amplitudes of the ECochG waveforms at
intensities from 90 to 70 dB SPL were pooled together and were
averaged at each click position (Fig. 8B, filled circles). We found that
the mean attenuation in amplitude of the ECochG potentials during
adaptation in children carrying OTOF mutations closely followed
themean CAP amplitude reduction calculated for normally-hearing
controls in the range of intensities from 90 to 70 dB SPL. Moreover,
while the duration of the normal controls' cochlear potentials did
not change at the high stimulus rate, in the four OTOF children
showing adaptation of the ECochG responses the duration of the
prolonged ECochG waveforms dropped to control values after
adaptation (Fig. 8C).

The changes found in the OTOF children, in both amplitude and
duration of the ECochG responses, point to a neural rather than a
receptor origin of the prolonged negative potentials. These pro-
longed responses are likely to result from the sum of small EPSPs
arising in the terminal dendrites, which have an abnormal
morphology and are dispersed in time as a consequence of the
impaired multivesicle release. They seem similar to the dendritic
responses recorded by Sellick et al. (2003) from the scala tympani
of guinea pigs after blocking neural spiking in the terminal den-
drites of auditory nerve fibers. These abnormal EPSPs only occa-
sionally reach the threshold for triggering action potentials in some
OTOF patients, which result in high-threshold CAPs superimposed
on the prolonged responses. The impaired multivesicular release is
therefore likely to result in a lower synaptic efficiency with a lesser
probability of synchronized neural spiking and a reduced signaling
to the auditory brainstem pathways in comparison with normal
hearing. As a consequence, the behavioral thresholds appear
considerably higher than the threshold of the prolonged potentials.

The adaptation pattern identified in the two OTOF children
without prolonged potentials deviated considerably from the
behavior seen in all the other patients. High stimulation rates
induced no change in amplitude or duration of ECochG responses
after adaptation (Fig. 8A, lower trace), consistently with their
receptor generation. This adaptation pattern does not seem to
correlatewith a specific genotype because it was only seen in one of
three affected siblings.

The ECochG results collected in the OTOF children are substan-
tially consistent with findings in animal models of otoferlin-related
hearing disorders. In the pachanga mouse DFNB9 model of human
deafness the ECochG potentials only showed the SP component in
response to tone-burst stimulation, suggesting that IHC activation
was not followed by any generation of graded post-synaptic po-
tentials. A small negative response, potentially representing a
neural response, was nonetheless identified at high intensity
(Pangr�si�c et al., 2010). Moreover, high-threshold ABRs have been
recorded in otoferlin-deficient mice (Roux et al., 2006), consistently
with the activation of auditory brainstem pathways and the pres-
ervation of some residual hearing at high stimulus intensity.

Taken together, the findings obtained in patients with otoferlin-
related ribbon synaptic disorders indicate that the impaired mul-
tivesicular release is not followed by auditory nerve fiber activation
or, alternatively, it may result in an abnormal generation of EPSPs in
auditory nerve fibers, with a consequent impairment of spike
generation. These graded potentials are only occasionally followed
by a synchronized electrical activity resulting in high-threshold
CAPs. In other words, the impaired multivesicular release in
otoferlin-related disorders represents the mechanism underlying
the hearing dysfunction, but the magnitude of the resulting effects
seems to be variable, ranging from mild hearing loss and slight
speech perception impairment to profound deafness with some
residual hearing.
6. Cochlear implantation

The benefits of cochlear implantation for improving speech
perception in patients with auditory neuropathy depend on the site
and severity of the damage involved. Electrical stimulation with a
cochlear implant has proved to be effective in restoring speech
perception in patients with post-synaptic AN due to OPA1 muta-
tions (Santarelli et al., 2015), and in AN related to other acquired
disorders such as systemic sclerosis (Santarelli et al., 2006), while
variable results have been obtained in AN associated with neuro-
logical disorders such as Friedreich's disease (Frewin et al., 2013;
Miyamoto et al., 2000).

A positive outcome of using implants has already been reported
in a few children with OTOF gene mutations (Chiu et al., 1010;
Rouillon et al., 2006; Runge et al., 2013). Similar findings have been
obtained in the patients reviewed in the present study, who all
underwent unilateral cochlear implantation. Six of these children
were implanted and subsequently followed up at our Department.
Table 1 shows each patient's age at implant, the implanted ear and
the type of device. CT and MRI scans of the head and ear were
normal. All patients received the cochlear implant within six
months of our first assessment, except for subject #2, who under-
went cochlear implantation at the age of 4 because the parents had
previously refused the procedure (Table 1).

All OTOF children showed a remarkable improvement in hearing
sensitivity within three months of cochlear implant use. Their
mean aided thresholds, measured in the free field with patients
wearing their speech processor, fell within the estimated intensity
range of conversational speech (Fig. 4).

The speech perception scores obtained in an open-set recogni-
tion test, administered to each child at an appropriate age, are given
in Table 1. The tests were administered after using the cochlear
implant for 1e1.5 years, when the children were at least at a min-
imum age of 3 years. The speech material consisted of disyllabic
words in digital anechoic recordings made by a native Italian



Fig. 9. Electrically-evoked compound action potentials (e-CAPs) from an implanted child (subject #6) carrying OTOF mutations (Nucleus C124RE with Freedom processor). The
waveforms recorded at increasing stimulation intensities are shown for three different electrode locations. E-CAPs with typical morphology were recorded at each electrode
location.
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female speaker, which were presented in the free field at an in-
tensity of 70 dB(A). The disyllabic words were obtained from an
Italian adaptation (Arslan et al., 1997) of the word lists in the
Northwestern University-Children's Perception of Speech (NU-
CHIPs) tool (Elliot and Katz, 1980).

All the children reached speech perception scores of 90e100%.
Their language development was also in line with the language
skills of their peers with cochlear implants whose deafness was
related to causes other than OTOF mutations.

Unlike patients with post-synaptic AN (Santarelli et al., 2015),
the implanted children with ribbon synaptic disorders due to
otoferlin dysfunction showed electrically-evoked auditory nerve
responses (electrically-evoked compound action potentials, e-
CAPs) obtained through the cochlear implant. Fig. 9 shows an
example of the e-CAPs recorded at several electrode locations in a
child with OTOF mutations (subj. #6). Increasing stimulation
levels resulted in a higher amplitude and a slight decrease in the
latency of the electrically-evoked neural responses. These results
are consistent with a preserved auditory nerve fiber excitation
and conduction in OTOF-related hearing disorders. Since exocy-
tosis is reduced but not abolished in cases of abnormal otoferlin
function (Pangr�si�c et al., 2010; Roux et al., 2006), the persistence
of some neurotransmitter release in the synaptic cleft may pre-
vent the auditory nerve fiber degeneration believed to occur in
other forms of congenital deafness due to hair cell loss (Shepherd
and Javel, 1997).
7. Conclusion

Ribbon synaptic disorders relating to otoferlin dysfunction
result in abnormal glutamate release in the synaptic cleft. The
auditory nerve terminals are either not activated or they generate
small EPSPs, which only occasionally trigger synchronized nerve
spiking at high stimulation intensities. These local, graded re-
sponses are identifiable as prolonged potentials in ECochG re-
cordings. This electrophysiological pattern is consistent with a
limited synaptic efficiency and results in variable degrees of hear-
ing loss.

Cochlear implants restore hearing sensitivity and speech
perception. Recordings of electrically-evoked neural responses
through the cochlear implant point to a preserved auditory nerve
function. Based on these findings, the outcome of cochlear im-
plantation in patients with presynaptic AN due to OTOF mutations
can be expected to be invariably successful.
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