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Sensory hair cells convert mechanical motion into chemical signals. Otoferlin, a six-C2 domain transmembrane protein linked
to deafness in humans, is hypothesized to play a role in exocytosis at hair cell ribbon synapses. To date, however, otoferlin has
been studied almost exclusively in mouse models, and no rescue experiments have been reported. Here we describe the pheno-
type associated with morpholino-induced otoferlin knockdown in zebrafish and report the results of rescue experiments con-
ducted with full-length and truncated forms of otoferlin. We found that expression of otoferlin occurs early in development and
is restricted to hair cells and the midbrain. Immunofluorescence microscopy revealed localization to both apical and basolateral
regions of hair cells. Knockdown of otoferlin resulted in hearing and balance defects, as well as locomotion deficiencies. Further,
otoferlin morphants had uninflated swim bladders. Rescue experiments conducted with mouse otoferlin restored hearing, bal-
ance, and inflation of the swim bladder. Remarkably, truncated forms of otoferlin retaining the C-terminal C2F domain also res-
cued the otoferlin knockdown phenotype, while the individual N-terminal C2A domain did not. We conclude that otoferlin
plays an evolutionarily conserved role in vertebrate hearing and that truncated forms of otoferlin can rescue hearing and
balance.

Hair cells couple mechanical motion to neurotransmitter re-
lease at synapses (1). In contrast to conventional neural syn-

apses, hair cell synapses release neurotransmitter continuously
and, in a graded manner (2), possess synaptic ribbons (2–4), and
lack synaptophysin (5), complexin (6–9), Munc13 (10), and the
calcium sensors synaptotagmin I and II (11). In place of synap-
totagmin, it is believed that otoferlin may confer calcium sensitiv-
ity to evoke neurotransmitter release (12, 13). Otoferlin is a six-C2
domain transmembrane protein expressed in inner, outer, and
vestibular hair cells, as well as restricted regions of the brain (13–
16). In humans, missense mutations in otoferlin have been linked
to hearing loss (17, 18), and biochemical studies have determined
that otoferlin binds calcium and lipids (12, 19), as well as mem-
brane trafficking proteins (12, 20–23). Further, in vitro assays have
demonstrated that otoferlin accelerates SNARE-mediated mem-
brane fusion (12). Based upon this evidence, it is hypothesized
that otoferlin functions as a calcium-sensitive regulator of neu-
rotransmitter release in sensory hair cells.

However, the results of several studies have raised questions
related to otoferlin’s function. For instance, despite otoferlin ex-
pression in vestibular hair cells, knockout mice show no balance
defects (24, 25) despite reduced exocytosis in vestibular type I hair
cells (24, 26). This raises questions as to the importance of otofer-
lin in this system. Further, otoferlin did not rescue synchronous
neurotransmitter release in synaptotagmin I knockout cultured
neurons, indicating that otoferlin and synaptotagmin are not
functionally redundant (27). It is also unclear as to whether
otoferlin-related deafness can be rescued by introduction of a
functional copy of the otoferlin gene, and no rescue experiments
have been reported. Related to this, it is currently unknown as to
which domains of the protein are critical for hearing, and whether
truncated otoferlin protein can recapitulate the function of wild-

type (WT) otoferlin. To date, almost all studies on otoferlin have
used a mouse model (28), and while insightful, current mamma-
lian models present obstacles to progress in understanding otofer-
lin, including the challenge of hair cell isolation and difficulties in
transfection. To circumvent such difficulties, and to add to the
general body of knowledge of otoferlin across species, we have
turned to zebrafish for the study of otoferlin. In this study, we
characterized otoferlin expression in zebrafish as well as the phe-
notype associated with knockdown (KD). We also conducted res-
cue experiments using full-length (FL) and truncated forms of
otoferlin.

MATERIALS AND METHODS
Fish strains. Tropical 5D strains of zebrafish (Danio rerio) were used for
this study and reared according to Institutional Animal Care and Use
Committee protocols at the Sinnhuber Aquatic Research Laboratory, Or-
egon State University. Adult fish were raised on a recirculating water sys-

Received 29 November 2014 Returned for modification 19 December 2014
Accepted 31 December 2014

Accepted manuscript posted online 12 January 2015

Citation Chatterjee P, Padmanarayana M, Abdullah N, Holman CL, LaDu J,
Tanguay RL, Johnson CP. 2015. Otoferlin deficiency in zebrafish results in defects
in balance and hearing: rescue of the balance and hearing phenotype with full-
length and truncated forms of mouse otoferlin. Mol Cell Biol 35:1043–1054.
doi:10.1128/MCB.01439-14.

Address correspondence to Colin P. Johnson, colin.johnson@oregonstate.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.01439-14.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.01439-14

March 2015 Volume 35 Number 6 mcb.asm.org 1043Molecular and Cellular Biology

http://dx.doi.org/10.1128/MCB.01439-14
http://dx.doi.org/10.1128/MCB.01439-14
http://dx.doi.org/10.1128/MCB.01439-14
http://dx.doi.org/10.1128/MCB.01439-14
http://mcb.asm.org


tem (28 � 1°C) with a 14-h:10-h light-dark schedule. Spawning and em-
bryo collection were conducted as described in reference 29.

Bioinformatic tools. Protein sequences were obtained from En-
sembl (Ensembl accession numbers ENSP00000272371 [human],
ENSMUSP00000073803 [mouse], ENSDARP00000123935 and
ENSDARP00000118166 [zebrafish], ENSRNOP00000046997 [rat],
ENSOCUP00000013417 [rabbit], ENSCPOP00000000288 [guinea
pig], and ENSXETP00000007211 [frog]). The NCBI blastp tool was
used to detect percent identity in the peptide sequences across differ-
ent species, with the human sequence as the query sequence. The
blastp tool was further used to obtain percent identity across the dif-
ferent C2 domains of otoferlin, keeping the human C2 domains as the
query sequences. ClustalW and PRALINE tools were used for sequence
alignments. SMART and SWISS-MODEL tools were used for domain
analysis. R software was used to create the dot plot.

qPCR. Total RNA was extracted from wild-type (WT) embryos collected
at different hours postfertilization (hpf) with RNAzol (Molecular Research
Centre, OH), and cDNA was synthesized using the iScript cDNA synthesis kit
(Bio-Rad, CA). Gene-specific primers (see Table SA in the supplemental ma-
terial) were designed from genomic sequences for otoferlin b and otoferlin a
found in Ensembl (Ensembl accession numbers ENSDART00000149773 and
ENSDART00000136255), and relative abundances were assessed by real-time
quantitative reverse transcription-PCR (qPCR) performed using Power Sybr
green PCR master mix (Applied Biosystems, CA). The data were normalized
to otoferlin expression at 24 hpf for both isoforms. Also, the expression of
myosin VIb (Ensembl accession number ENSDART00000088801), vglut3
(Ensembl accession number ENSDART00000080454), and sonic hedgehog a
(shha; NCBI accession number NM_131063.3) was examined in the otoferlin
single- and double-KD larvae with gene-specific primers (see Table SA). The
data were normalized relative to expression of the control and beta-actin
genes. Graphs were plotted with Prism software version 5.0.

Whole-mount immunohistochemistry. WT and microinjected ze-
brafish embryos were collected at different times postfertilization and
fixed in 4% paraformaldehyde overnight at 4°C. Mouse monoclonal an-
tiotoferlin and 3A10 (anti-Mauthner neuron) primary antibodies (dilu-
tions, 1:500, and 1:200; Developmental Studies Hybridoma Bank, Univer-
sity of Iowa, Iowa City, IA) and rabbit polyclonal anti-myosin VI
(dilution, 1:800; Proteus Biosciences, CA) were used. Alexa Fluor 488-
and 555-conjugated goat anti-mouse secondary antibodies (dilution,
1:1,000; Molecular Probes, Invitrogen, Eugene, OR) and Alexa Fluor 594-
conjugated goat anti-rabbit secondary antibodies (dilution, 1:500; Molec-
ular Probes, Invitrogen) were used. Fixed embryos were washed with
phosphate-buffered saline–Tween (PBST) and UltraPure distilled water
(Invitrogen, CA). Collagenase (0.0001 g/ml of PBST; C9891; Sigma-Al-
drich, MO) treatment was performed to permeabilize the embryos, fol-
lowed by rinsing with phosphate-buffered saline. Permeabilized embryos
were blocked with 10% normal goat serum (G6767; Sigma-Aldrich) for an
hour and incubated with primary antibody overnight at 4°C. On the fol-
lowing day, samples were rinsed in phosphate-buffered saline and incu-
bated with secondary antibody. Embryos were imaged with an inverted
Zeiss Axiovert 200M epifluorescence microscope fitted with a Zeiss
Axiocam HRm camera and a 5� objective.

Whole-mount ISH. In situ hybridization (ISH) of otoferlin was per-
formed with digoxigenin-labeled antisense RNA probes specific to ze-
brafish otoferlin a and otoferlin b on WT zebrafish embryos collected at
different times postfertilization as described in reference 30. Furthermore,
ISH was performed as described in reference 30 with digoxigenin-labeled
antisense RNA probes specific to the mouse otoferlin (NCBI accession
number NM_001100395.1) to detect expression of the hair cell-specific
mouse otoferlin construct in larval zebrafish double morphants. To syn-
thesize the probe, gene-specific primers (see Table SB in the supplemental
material) with an RNA polymerase promoter were designed for amplify-
ing the probe templates, and cDNA was prepared from RNA isolated from
whole zebrafish at 48 hpf. Embryos were labeled with either fast red (31) or
nitroblue tetrazolium (NBT) or 5-bromo-4-chloro-3-indolylphosphate

(BCIP) stain. Stained embryos were imaged using an inverted Zeiss Axio-
vert 200M epifluorescence microscope and a Nikon SMZ 1500 stereomi-
croscope mounted with a Coolpix E500 digital camera for NBT or BCIP.

ISH of larval zebrafish paraffin sections. WT 120-hpf larval zebrafish
were fixed in 10% neutral buffer formalin overnight at 4°C. The fish were
rinsed in phosphate-buffered saline and dehydrated in graded ethanol.
Agar blocks were prepared using zebrafish metal molds (32), and prefixed
zebrafish were arranged in the agar blocks. The agar blocks were sent to
the Veterinary Diagnostic Lab, Oregon State University, Corvallis, OR, for
paraffin embedding and sectioning. Five-micrometer sections were ob-
tained, and these sections were used for ISH with digoxigenin-labeled
antisense RNA probes specific to otoferlin a as described in references 33
and 30.

Plasmids and constructs. The cDNA encoding mouse otoferlin was
a gift from Christine Petit (Institut Pasteur, Paris, France). The p5E-
pmyo6b vector used in cloning was a gift from Teresa Nicolson (Ore-
gon Health and Science University, OR). The p5E-pmyo6b vector con-
tains a hair cell-specific promoter for myosin VIb. Full-length (FL) and
truncated constructs of otoferlin were cloned downstream of the pro-
moter at SacII and NotI sites. Clones were screened by colony PCR and
verified by sequencing.

Microinjections. A pair of morpholinos (MOs) targeting exon/intron
boundaries of otoferlin a and otoferlin b and a standard negative control
was obtained from GeneTools, Philomath, OR (see Table SD in the sup-
plemental material). Approximately 2 nl of 0.6 mM otoferlin a MO, 0.7
mM otoferlin b MO, and both MOs diluted with RNase-free ultrapure
distilled water and 3% phenol red were pressure injected into WT em-
bryos at the one-cell stage. For verification of splicing pattern and efficacy
of knockdown, total RNA was extracted and cDNA was synthesized from
injected and WT zebrafish embryos collected at different times postfertil-
ization as described below. Gene-specific primers (see Table SE in the
supplemental material) were used for PCR with KOD Hot Start DNA
polymerase (Novagen, USA), and the products were separated on a 1.25%
agarose gel.

For the rescue, approximately 600 pg of the vector construct with
either mouse FL otoferlin or truncated mouse otoferlin (construct with
mouse putative C2DEF domains with the transmembrane, C2F domain
with the transmembrane, C2EF domains with the transmembrane, and
C2A) were coinjected with the morpholinos. Capped RNA was synthe-
sized with the mMessage mMachine transcription kit (Ambion, TX) and
the PCR template. The PCR template was amplified from pcDNA3 vector
with the coding region for mouse full-length otoferlin using primers con-
taining a T7 RNA polymerase promoter site. The amplified PCR template
was purified with QIAquick PCR purification kit (Qiagen, CA). Approx-
imately 250 pg of synthesized mRNA was coinjected with the morpholi-
nos. Larvae were screened for rescue of the balance phenotype and acous-
tic startle response, including rescue of uninflated swim bladder, for
further analysis.

Staining with vital dyes. FM1-43FX dye (Life Technologies, NY) la-
beling of neuromast hair cells was performed on live zebrafish at 120 hpf.
Zebrafish larvae were immersed in 3 �M FM1-43FX dye in embryo me-
dium and rinsed off. The fish were washed several times with embryo
medium and anesthetized with 0.2 mg/ml of tricaine solution for confocal
imaging.

YO-PRO-1 (Life Technologies, NY) staining of the neuromast hair
cells was performed on live morpholino-injected fish at 120 hpf. Zebrafish
larvae were incubated for an hour at 28°C in 2 �M YO-PRO-1 dye in
embryo medium. The fish were washed three times with the embryo me-
dium and anesthetized with 0.2 mg/ml of tricaine solution for imaging
with the inverted Zeiss Axiovert 200M epifluorescence microscope fitted
with a Zeiss Axiocam HRm camera and 5�, 10�, and 20� objectives.

Confocal image acquisition and processing. Whole-mount immu-
nohistochemistry preparations were mounted with 1% agar on a 35-mm
glass-bottomed petri dish and imaged with a confocal laser scanning mi-
croscope fitted with a 40� oil immersion objective (Zeiss LSM 510 Meta)
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with Alexa Fluor 555 filter sets. For live zebrafish stained with vital dye
FM1-43, fish were immobilized with 1% agarose containing 0.2 mg/ml of
tricaine on a glass-bottomed petri dish and imaged with a 63� water
immersion objective (Zeiss LSM 510 Meta) with appropriate filter sets.
Stacks of confocal images were taken and reconstructed with ImageJ soft-
ware.

Larval behavior tests. Injected zebrafish larvae were tested in a 96-well
plate with a ZebraBox (Viewpoint Life Sciences, Lyon, France). Locomo-
tor activity was measured using the Viewpoint tracker by subjecting the
larvae to alternate phases of light and dark. Behavioral differences between
the different injected groups were determined by comparing the distance
moved during the dark period. Briefly, 96-hpf zebrafish larvae were
loaded in a 96-well plate at least 3 h prior to the experiment to give them
sufficient time to acclimatize. Larvae were subjected to alternate phases of
light followed by dark and finally light during which the Viewpoint tracker
recorded fish movement from the individual wells. Raw data files obtained
from the Viewpoint tracker were processed using a python script and JMP
software to average the total distance traveled during the dark phase for
each group. Graphs were plotted and statistically analyzed with GraphPad
Prism software version 5.0.

Acoustic startle response. Injected zebrafish larvae from different
groups were subjected to a startle stimulus assay at 120 hpf. Larvae were
individually placed on a 100-mm petri dish filled with embryo medium
and startled with a push solenoid that generated a sudden tap when acti-
vated. Movement was recorded with a digital video camera (Sony; HDR
CX22) for 30 s after startling. The distances moved from the point of
origin by different groups of larvae were compared by analyzing the video
outputs from the camera with Noldus EthoVision XT (version 8.5) track-
ing software. Graphs were plotted and statistically analyzed with Graph-
Pad Prism software version 5.0.

RESULTS
Zebrafish have two copies of otoferlin. In contrast to that of
mammals, the zebrafish genome contains two copies of otoferlin,
located on chromosomes 17 and 20. The transcript (�8 kb) en-

coded by chromosome 17 is referred to here as otoferlin b, with
otoferlin a referring to the transcript encoded by chromosome 20
(�7 kb). A comparative study between the human otoferlin
amino acid sequence with sequences from other species indicates
that otoferlin is highly conserved (Fig. 1A and B). Overall, the
zebrafish otoferlin isoforms show 74% (otoferlin b) and 76%
(otoferlin a) identity with human otoferlin (Fig. 1B). Even higher
identity was found when the comparison was restricted to se-
quences predicted to form C2 domains (Fig. 1A). Sequence iden-
tities between zebrafish otoferlin a and human otoferlin are 77%
in the C2A domain, 91% in the C2B domain, 89% in C2C, 83% in
C2D, 92% in C2E, and 95% in C2F. Zebrafish otoferlin b is 91%
similar in C2B, 89% in C2C, 83% in C2D, 88% in C2E, and 94% in
the C2F domain with human otoferlin. Zebrafish otoferlin a ap-
pears to be a closer representation of the human otoferlin because
of the presence of all six C2 domains, unlike otoferlin b, which
lacks the C2A domain (Fig. 1A and C). The identity between
amino acid sequences of the two zebrafish otoferlin isoforms is
�80%. From the diagonal in the center of the dot plot (Fig. 1D), it
can be discerned that the zebrafish otoferlin peptide sequences are
identical in most regions except in the first �200 amino acids. On
further comparison by sequence alignments (data not shown), it
was confirmed that the peptide sequence of otoferlin b was �180
amino acids shorter on the N-terminal side than that of otoferlin
a. In summary, the sequences of the C2 domains are more con-
served than those of the non-C2 domain regions, and the C2A
domain is the least conserved of the C2 domains.

Otoferlin expression and localization in zebrafish. The
amino acid sequences of otoferlins are similar across species, in-
cluding zebrafish, suggesting a conserved function. Given the ease
with which the organism can be genetically manipulated, we chose
zebrafish as our model for use in the study of otoferlin. To ascer-

FIG 1 Sequence identity of otoferlin across different species. (A) Percent identity of predicted otoferlin C2 domains of various species compared to human
otoferlin. (B) Comparison of overall sequence identity of otoferlin with human otoferlin. (C) Zebrafish otoferlin isoforms with putative C2 domains. Otoferlin
b lacks the C2A domain. (D) Dot plot showing the identity of amino acid sequences between the two zebrafish otoferlin proteins: otoferlin a and otoferlin b. The
diagonal across the plot indicates highly identical sequnces. Breaks along the diagonal indicate regions which are nonidentical. The blue dot designates the
absence of the C2A domain (amino acids 3 to 97).
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tain the developmental expression profile of otoferlin, we con-
ducted qPCR on wild-type (WT) zebrafish samples collected every
24 h during the first 120 h postfertilization (hpf). We found that
24-hpf zebrafish larvae express both copies of otoferlin (Fig. 2A),
with an increase in relative abundance of both transcripts at 48 hpf
(Fig. 2A). Expression plateaus after 72 hpf. The rise in otoferlin
expression during the first 72 h of embryonic development coin-
cides with the deposition of neuromasts and formation of the
anterior lateral line (aLL) and posterior lateral line (pLL). It also
coincided with formation of the semicircular canals and otic ves-
icle occurring during this stage of development (34). We next
sought to characterize the spatial pattern of otoferlin expression in
zebrafish larvae using whole-mount in situ hybridization (Fig.
2B). Transcripts of otoferlin b were detected in the otic placodes of
24-h-old larvae (Fig. 2B). The otic placode eventually forms sen-
sory patches and develops as the zebrafish inner ear (35). There
was also weak expression of otoferlin b in primordial cells that
form neuromasts of the zebrafish lateral line organ system (Fig.
2B). The expression of otoferlin b becomes pronounced in the
neuromasts of the pLL, aLL, and the inner ear region as the ze-
brafish larvae continues to develop through 120 hpf (Fig. 2B).
Transcripts of otoferlin a were detected at around 24 hpf in the
otic placode (Fig. 2B) and were restricted to the sensory patches of
the inner ear as the larvae continued to develop through 120 hpf
(Fig. 2B). We observed a relatively weak and diffuse expression in
the zebrafish brain region and in the retina starting at around 48
hpf that became prominent at 120 hpf (Fig. 2C). Analyses of sec-
tioned 120-hpf larval zebrafish confirmed expression of otoferlin
transcripts in the midbrain and the retinal ganglion cell layer (see
Fig. S1 in the supplemental material). However, no expression of
the otoferlin a transcript was detected in the hair cells of the aLL
and pLL neuromasts (Fig. 2B).

Whole-mount immunohistochemistry on WT zebrafish larvae
with the antiotoferlin HCS-1 antibody was consistent with the

mRNA expression profile in the inner ear and lateral line (Fig. 2B)
during the first 120 h of zebrafish development (36). Strong im-
munoreactivity in the nascent hair cells of the zebrafish otic region
at 24 hpf was detected (Fig. 3A), and immunoreactivity was de-
tectable in the hair cells of both the pLL and aLL at 48 hpf (Fig. 3B),
becoming more pronounced between 72 and 120 hpf (Fig. 3C, D,
and F). Negative controls at 72 hpf (Fig. 3E) with no primary
antibody confirmed that the labeling observed was due only to
binding of the secondary antibody to the HCS-1 antibody. Over-
all, the onset and increase of otoferlin expression correlate with
the formation and development of the zebrafish inner ear and the
pLL and aLL system (34).

To examine the subcellular localization of otoferlin in ze-
brafish hair cells, confocal images of 120-hpf larvae were collected.
Pronounced immunolabeling in both the supranuclear and baso-
lateral compartments, including a punctate distribution through-
out the cytoplasm, was observed in hair cells of the neuromast
(Fig. 3G). This subcellular distribution is similar to observations
made on mouse hair cells (20, 23, 37). Probing 120-h wild-type
zebrafish with the FM1-43 dye (Fig. 3H) showed uptake in the
apical end of the hair cells of a posterior lateral line neuromast
cluster, indicating active vesicle recycling (38). This overlap in
otoferlin distribution and FM1-43 dye uptake in the apical hair
cell compartment raises the possibility of another role for otofer-
lin in the apical region in addition to the established function in
synaptic transmission at the basolateral region (13, 37). To vali-
date expression of otoferlin in the zebrafish hair cells, dual immu-
nofluorescence was performed on wild-type 120-hpf larval ze-
brafish with antiotoferlin and anti-myosin VI antibodies. Myosin
VI is a marker for hair cells, and fluorescence images confirm that
otoferlin colocalizes with myosin VI in larval zebrafish hair cells
(Fig. 3I) (39, 40).

Knockdown of otoferlin in the zebrafish hair cells. To deter-
mine the function of otoferlin in vivo, we used antisense splice-

FIG 2 mRNA expression of otoferlin in developing zebrafish. (A) Fold expression of otoferlin a and b transcripts at 24 to 120 hpf. Expression is normalized to
that at 24 hpf. Error bars indicate 95% confidence intervals of the sample means (n � 5). (B) Whole-mount in situ hybridization images showing expression of
otoferlin in 24- to 120-hpf wild-type zebrafish larvae. The upper panel shows expression of otoferlin b. Arrows indicate sensory patches in the inner ear.
Arrowheads indicate anterior and posterior lateral line neuromasts. The lower panel shows expression of otoferlin a. Arrows indicate sensory patches in the inner
ear. (C) Expression of otoferlin a in the brain region and retina in a 120-hpf zebrafish larva. Arrows indicate the brain and retina.
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blocking morpholinos that targeted both isoforms, including their
splice variants. Two splice-blocking MOs for each otoferlin gene
targeting exon-intron boundaries (otoferlin b MOs, e2i2 and
e38i38; otoferlin a MOs, i6e7 and e11i11) (Fig. 4A) were designed
and microinjected at the one-cell stage. Comparable phenotypes
were observed with each pair of morpholinos, and the e38i38 MO
targeting otoferlin b and the i6e7 MO targeting otoferlin a were
used for subsequent experiments in this study. We evaluated
mRNA expression to assess knockdown of the otoferlin a and b
transcripts in the single and double morphants. Analysis by qPCR
showed that the expression of otoferlin a was significantly reduced
in the otoferlin a and otoferlin b�a KD groups (P � 0.001) (Fig.
4D). Similarly, otoferlin b was significantly reduced in the otofer-
lin b and otoferlin b�a KD groups (P � 0.001) (Fig. 4D). qPCR
further supported the conclusion that both the single and double
knockdowns were effective at 96 hpf (Fig. 4B; lanes 4, 5, 6, and 7)
compared with age-matched microinjected controls (Fig. 4C,
lanes 1 and 2) and lasted up to 120 hpf (see Fig. S2A in the sup-
plemental material). As the otoferlin b and a sequences are �80%
identical (Fig. 1C), it was necessary to validate the specificity of
MOs that were designed to target each isoform separately. Analy-

sis of qPCR data indicates that knockdown of otoferlin b does not
significantly affect the expression of otoferlin a and vice versa (Fig.
4D). qPCR further supported the conclusion that the MOs specif-
ically block the targeted otoferlin without affecting expression of
the other isoform at up to 120 hpf (Fig. 4C; see also Fig. S2B).

Since otoferlin interacts with the hair cell marker myosin VI
(21, 40), and a reduction in otoferlin decreases the immunofluo-
rescence of synaptic vesicle marker VGlut3 (37), qPCR was con-
ducted on otoferlin single and double morphants to measure the
relative expression changes of both myosin VI and VGlut3. Anal-
ysis indicates that otoferlin knockdown does not significantly af-
fect the expression of myosin VI or VGlut3 in larval zebrafish at 96
hpf (Fig. 4D).

Immunohistochemistry of 120-hpf injected control (Fig. 5A)
and morphant larvae (Fig. 5B to D) was also conducted. Embryos
injected with the otoferlin b morpholino showed staining in the
hair cells of the inner ear (Fig. 5B). However, there was no detect-
able signal in the hair cells of the neuromasts of the pLL and aLL
(Fig. 5B). In contrast to otoferlin b, the otoferlin a morphants
show staining in the hair cells of the inner ear, with strong immu-
nolabeling in the hair cells of the neuromasts of the pLL and aLL

FIG 3 Otoferlin protein expression in developing zebrafish. (A to F) Whole-mount immunohistochemistry on wild-type larval zebrafish at indicated develop-
mental time points (24 to 120 hpf). (E) Negative control with no primary antibody in 72-hpf wild-type larvae. White circles indicate the position of the eye, arrows
indicate sensory patches of the ear, and arrowheads indicate anterior and lateral line neuromasts. (G) Confocal image showing subcellular distribution of
otoferlin in a 120-hpf hair cell neuromast cluster. The arrowhead indicates the supranuclear region of the hair cell; the arrow indicates the basolateral
compartment of the hair cell (scale bar, 10 �m). (H) Confocal image showing uptake of FM1-43 dye uptake in the apical end (arrowhead) of hair cells within a
neuromast of the posterior lateral line. Dye incubation time, 3 min. (I) Dual immunofluorescence with wild-type 120-hpf zebrafish showing colocalization of
otoferlin in the hair cells of the neuromast with another hair cell marker, myosin VI. Boxes 1 and 2 indicate regions of colocalization. Insets of regions 1 and 2 show
otoferlin colocalizing with myosin VI.
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(Fig. 5C). Visual inspection of the otic region reveals that, as in the
control zebrafish larvae (Fig. 5E), otoferlin a is distributed in the
hair cells of the sensory patches of the anterior macula. It is also
present in the hair cells of the posterior, anterior, and medial cris-
tae (Fig. 5F). However, otoferlin b is distributed in hair cells of the
sensory patches of both the anterior and posterior maculae but
absent from the cristae (Fig. 5G). This suggests that the otoferlin
isoforms might play distinctive roles in the otic region. Finally,
otoferlin b and a double morphants showed no antiotoferlin sig-
nal in any of the sensory patches of the inner ear and neuromasts
of the lateral line (Fig. 5D). Confocal microscopy images of im-
munolabeled 120-hpf injected controls and double morphants
were also collected (see Fig. S3A and B in the supplemental mate-
rial). In contrast to findings for control siblings, a compressed
z-stack image of the head region of double morphants showed an
absence of antiotoferlin in the otic region. This indicates a com-
plete knockdown of both isoforms of the zebrafish otoferlin in the
otoferlin b�a double morphants to the limits of detection.

Phenotypic analysis of the otoferlin single- and double-
knockdown larvae. Compared to age-matched injected controls
(Fig. 6A), otoferlin single-knockdown larvae show no noticeable
defects in gross morphology at 120 hpf (Fig. 6B and C). However,
after 96 hpf the double morphants failed to develop an inflated
swim bladder (Fig. 6D), in contrast to single-knockdown larvae
and injected controls. The phenotypic defects were visible around
72 hpf in the double morphants, when they failed to maintain an
upright position, in contrast to injected control siblings (Fig. 6E
and F). This suggests a balance defect (41) and indicates a critical
contribution of otoferlin to balance and vestibular function.
Moreover, about 80% of the 96- and 120-h double morphants
swam on their sides or back, landed head-on, and often floated
vertically head-up. On touching with a hair, double-KD larvae
exhibited a circling and looping motion (data not shown) but
swam back to the source of the stimulus rather than escaping.
Beyond 120 hpf, double morphants gradually developed a curved
spine, in contrast to injected controls (Fig. 6G and H), that en-

FIG 4 Morpholino knockdown of otoferlin in zebrafish larvae. (A) Diagram of four splice-blocking morpholinos used in this study targeting otoferlin a and
otoferlin b (e, exon; I, intron). (B) qPCR gel image of otoferlin KD zebrafish larvae at 96 hpf. Lane 1, molecular weight marker; lane 2, negative control tested for
otoferlin b; lane 3, negative control injected tested for otoferlin a; lane 4, otoferlin b KD larva tested for otoferlin b; lane 5, otoferlin a KD tested for otoferlin a;
lane 6, otoferlin b�a double-KD larva tested for otoferlin b; lane 7, otoferlin b�a double-KD larva tested for otoferlin a. (C) Cross expression studies with 96-hpf
zebrafish larvae by qPCR. Lane 1, molecular weight marker; lane 2, otoferlin a in control; lane 3, otoferlin a in otoferlin b KD larva; lane 4, otoferlin b in otoferlin
b KD larva; lane 5, otoferlin b in control; lane 6, otoferlin b in otoferlin a KD larva; lane 7, otoferlin a in otoferlin a KD larva. Inj. C, injected control; KD,
knockdown; otof a, otoferlin a; otof b, otoferlin b; otof b�a, otoferlin b�a. (D) qPCR bar graph showing relative levels of expression of otoferlin a, otoferlin b,
myosin VI, and VGlut3 genes in 96-hpf larval zebrafish across control, otoferlin a KD, otoferlin b KD, and otoferlin b�a KD groups where each gene was
normalized with respect to the corresponding control. For the myosin VI and Vglut3 genes, no statistical deviation in expression was observed among the
different KD groups. Expression of otoferlin a was significantly reduced (***, P � 0.001) in the otoferlin a and otoferlin b�a KD groups but not in the otoferlin
b KD group. Otoferlin b expression was significantly reduced in the otoferlin b and otoferlin b�a KD groups (P � 0.001) but not in the otoferlin a KD group.
The statistical significance was calculated through Bonferroni multiple comparisons in Prism software. Error bars indicate 95% confidence intervals of the sample
means (n � 3).
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hanced the circling movement. These phenotypic abnormalities
are comparable to the “circler mutants” (39, 41, 42) that were
determined to be mutations in sensory hair cell-related genes.
Since we observed a defective escape response with the double
morphants, we examined the morphological differences in the
patterning of the lateral line with hair cell marker YO-PRO-1. We
did not observe differences in staining between the control and
otoferlin b�a double morphants (Fig. 7A). Further, bright-field
images of the otic region indicate that, like those in the controls,
the semicircular canal folds and otolith formed normally in 120-

hpf otoferlin double morphants (Fig. 7B). A similar swim bladder
phenotype was observed in the double morphants that had been
injected with a second set of morpholinos, e11i11 for otoferlin a
and e2i2 for otoferlin b (see Fig. S4A in the supplemental mate-
rial).

Given that the double morphants show an uninflated swim
bladder phenotype, we tested whether otoferlin knockdown af-
fected swim bladder development using qPCR analysis of shha in
double morphants at 72 hpf. shha is a swim bladder developmen-
tal marker (43), and results indicate that relative to that of the

FIG 5 Whole-mount immunohistochemistry with the HCS-1 antiotoferlin antibody. (A to D) Images of showing otoferlin expression in 120-hpf larvae as
follows: control injected (A), otoferlin b KD (B), otoferlin a KD (C), and otoferlin b�a KD (D). (E to F) Fluorescent maximum-intensity projection image of
120-hpf larval otic region of injected control (E), otoferlin b KD (F), and otoferlin a KD (G) larvae showing distinct distribution of otoferlin in the sensory patches
of cristae and maculae. ac, anterior crista; mc, medial crista; pc, posterior crista; pm, posterior macula; am, anterior macula.

FIG 6 Observable phenotypes associated with the otoferlin KD 120-hpf larval zebrafish. (A) Control injected larva; (B) otoferlin b KD larva; (C) otoferlin a KD
larva; (D) otoferlin b�a double KD larva (arrows indicate the swim bladder). The otoferlin double-KD larva failed to develop an inflated swim bladder. (E)
Control larva at 72 hpf maintains an upright posture. (F) An otoferlin b�a double KD larva at 72 hpf failed to maintain an upright posture. (G) Ten-day-old
injected control larva. (H) A 10-day-old otoferlin b�a double-KD zebrafish failed to inflate its swim bladder (arrow) and developed a curved spine (arrowhead).
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control, the expression level of the shha gene does not change in
the double morphants (see Fig. S4B in the supplemental material).

Since both isoforms of otoferlin are expressed in hair cells of
the otic region and lateral line, both copies may play a role in
hearing and balance. To test whether otoferlin knockdown im-
pairs hearing, acoustic startle reflex assays were conducted on 120-
hpf single and double morphants. Acoustic startle assays are
widely used to evaluate hearing-induced escape response in larval
zebrafish (41). As shown in Fig. 8C, the distance traveled by con-
trol larvae (n � 23) was 63.94 mm, while otoferlin b KD larvae
(n � 18) traveled 66.03 mm and otoferlin a KD larvae (n � 17)
traveled 66.79 mm. When the single-KD larvae were compared to
control larvae using Dunn’s multiple comparison with a standard
5% significance level, the test showed no significant difference. In
contrast, double-KD larvae (n � 16) traveled only 22.92 mm after
startling. This value is significantly lower (Dunn’s multiple com-
parison, P � 0.001) than the distance moved by the single-KD
larvae and age-matched controls. A summary comparing the star-
tle between otoferlin single and double morphants as well as the
control group is included in Fig. S5 in the supplemental material.
These results suggest that there is redundancy of function between
the two isoforms and that the startle escape is significantly atten-
uated when the levels of expression of both the isoforms are re-
duced. To ensure that the larval zebrafish movement is not ran-
dom but coincides with the startle stimuli, the average startle
velocity as a function of time was plotted. The movement of the
larval fish coincided with the startle stimuli for both the control
and the double morphants (Fig. 8D). Furthermore, the control
fish showed a marked increase in velocity after startling, followed
by a decrease, while the double morphants show some slight
movement after startling which quickly declined relative to that of
the control (Fig. 8D). These data are consistent with the defective
escape response observed in the double morphants compared to
that of age-matched controls.

Studies on mouse models have established a link between
otovestibular defects and locomotion using a dark-light test (44,
45). Upon finding that zebrafish otoferlin morphants exhibit bal-
ance defects and an abnormal startle escape response, dark-light

locomotory tests were conducted on control and KD larval fish.
Otoferlin single (n � 72) and double (n � 72) morphants at 96
hpf, as well as age-matched controls (n � 72), were used for the
dark-light assay. Compared to controls, single-KD larvae traveled
less during the dark phase (mean distance traveled: control, 62.73
mm; otoferlin b KD larvae, 45.67 mm; and otoferlin a KD larvae,
46.68 mm; Dunn’s multiple-comparison test, P � 0.05) (see Fig.
S6 in the supplemental material), and double-KD fish travel even
less (distance for otoferlin double-KD fish, 35.61 mm; Dunn’s
multiple-comparison test, P � 0.001) (see Fig. S6). Since the ze-
brafish single and double morphants shows a defective dark-light
response, this might indicate a direct or indirect role for otoferlin
on neuronal wiring in the larval zebrafish. However, comparison
of immunofluorescently labeled Mauthner cells that mediate the
escape response (46–48) did not reveal any gross defects in the
double morphants (n � 3) compared to age-matched controls
(n � 2) (see Fig. S5E and F).

Rescue of zebrafish otoferlin knockdown with mouse otofer-
lin. From comparison it is evident that there is a high sequence
similarity between otoferlins of different species, suggesting func-
tional conservation (Fig. 1A and B). To test for functional conser-
vation, we coinjected double morphants with a p5E-pmyo6b vec-
tor encoding mouse otoferlin and a hair cell-specific myosin VIb
promoter and tested for rescue of the knockdown phenotype. Sev-
eral constructs, including the full-length mouse otoferlin (FL
otoferlin) as well as truncated forms of the protein, were used in
this study to identify the domain(s) critical for otoferlin function
(Fig. 8A). Expression of mouse otoferlin was validated by per-
forming whole-mount immunohistochemistry on zebrafish dou-
ble morphants coinjected with the FL otoferlin construct. Figure
8B shows that the expression of the FL otoferlin construct is re-
stricted only in the hair cells of the otic region and the lateral line,
thereby confirming that the myosin VIb promoter recapitulates
endogenous otoferlin expression. We also performed whole-
mount in situ hybridization experiments on zebrafish double
morphants coinjected with the mouse FL otoferlin construct. Fig-
ure S5A to C in the supplemental material show the presence of
otoferlin transcripts in the otic region, pLL, and aLL. Figure 8C

FIG 7 Otoferlin KD effect on structure and formation of lateral line, otic vesicle, and semicircular canals. (A) (Upper panel) YO-PRO-1 uptake in injected
control larval zebrafish at 120 hpf; (lower panel) YO-PRO-1 uptake in otoferlin b�a double KD larval zebrafish at 120 hpf. (B) Bright-field images showing otic
region in 120-h-old injected control (upper panel) and otoferlin b�a double-KD (lower panel) larvae. Open arrowheads point to the otoliths, filled arrowheads
point to the semicircular canals, and white circles and hemicircles indicate the position of the eye.
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and D and Fig. S6 in the supplemental material show that the FL
otoferlin was able to rescue the startle escape response (mean dis-
tance moved � 59.58 mm; n � 18; no significant difference with
control group in Dunn’s multiple-comparison test with the stan-
dard 5% significance level) and dark-light behavior in the ze-
brafish double morphants (mean distance traveled during dark
phase � 59.89 mm; n � 72; no significant difference with control
group in Dunn’s multiple-comparison test with the standard 5%
significance level). Mouse FL otoferlin also rescues the swim blad-
der defects observed in 120-hpf zebrafish double morphants (Fig.
9A). Furthermore, FM1-43 uptake in the rescue larvae was indis-
tinguishable from that in WT larvae (data not shown). These re-
sults suggest that the mouse otoferlin was sufficient to correct for
the disorders associated with depletion of both otoferlin isoforms
found in larval zebrafish.

Remarkably, we were able to rescue the double morphants with
a truncated form of mouse otoferlin lacking the first three putative
C2 domains (	ABC). Zebrafish double morphants coinjected
with the 	ABC construct were found to have inflated swim blad-

ders, as observed at 120 hpf (Fig. 9B). The startle reflex abnormal-
ities (Fig. 8C and D) were also rescued (mean distance moved �
63.32 mm; n � 19; no significant difference with control group in
Dunn’s multiple-comparison test with the standard 5% signifi-
cance level). In addition, dark-light behavior was also rescued
(mean distance traveled during dark phase � 59.81 mm; n � 48;
no significant difference with control group in Dunn’s multiple-
comparison test with the standard 5% significance level) (see Fig.
S6 in the supplemental material). This suggests that the first three
C2 domains are not required to correct for the balance and hear-
ing deficits that were observed with the zebrafish double mor-
phants.

Several additional truncated constructs (Fig. 8A) either lacking
the first 4 or 5 C2 domains (	ABCD or 	ABCDE, respectively) or
consisting of only the N-terminal C2A domain (	BCDEF) were
also tested for recovery of the uninflated swim bladder (see Fig.
S7A and B in the supplemental material) and acoustic startle re-
sponse (Fig. 8C). The 	ABCD (n � 25, mean distance � 53.94
mm) and 	ABCDE (n � 23, mean distance � 52.00 mm) groups

FIG 8 Rescue of zebrafish otoferlin knockdown with mouse otoferlin. (A) Schematic of the truncated mouse otoferlin constructs used in this study. Amino acid
numbers are indicated. (B) Whole-mount immunohistochemistry on 120-hpf larval zebrafish double morphants coinjected with the mouse full-length otoferlin
construct under the control of the hair cell-specific promoter. Otoferlin expression only in the hair cells at 120 hpf is shown. (C) Otoferlin deficiency causes
defects in startle escape response in 120-hpf larval zebrafish. A plot of distance after startling is shown for the following groups: control (n � 23; mean
distance � 63.94 mm), otoferlin b KD (n � 18; mean distance � 66.03 mm), otoferlin a KD (n � 17; mean distance � 66.79 mm), otoferlin b�a KD (n � 16;
mean distance � 22.92 mm), rescue FL (n � 18; mean distance � 59.58 mm), rescue 	ABC (n � 19; mean distance � 63.32 mm), rescue 	ABCD (n � 25; mean
distance � 53.94 mm), rescue 	ABCDE (n � 23; mean distance � 52.00 mm), rescue 	BCDEF (n � 16; mean distance � 26.57 mm), and rescue mRNA (n �
17); mean distance � 65.55 mm (Dunn’s multiple comparison with the standard 5% significance between otoferlin a�b KD and other groups; ***, P � 0.001;
**, P � 0.01). Error bars indicate 95% confidence intervals of the sample means. ns, not significant. (D) Mean velocity traces of different groups: control (n �
23), otoferlin b�a KD (n � 16), rescue FL (n � 18), and rescue 	ABC (n � 19). The time point of startle is denoted with an arrow, and the first 10 s after startling
is denoted with a capped line.
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displayed no significant difference relative to the control group in
Dunn’s multiple-comparison test with the standard 5% signifi-
cance level (Fig. 8C). Coinjection of the double morphants with
the 	BCDEF construct did not rescue the acoustic startle re-
sponses, however (n � 16; mean distance � 26.57 mm; no signif-
icant difference with otoferlin b�a KD group in Dunn’s multiple-
comparison test with the standard 5% significance level) (Fig. 8C).

Finally, as an alternative method of rescue, zebrafish double
morphants were coinjected with mouse otoferlin mRNA encod-
ing the full-length protein. The mRNA injection completely res-
cued the swim bladder defect (Fig. 9C), including recovery of the
startle escape response (mean distance moved � 65.55 mm; n �
17; no significant difference with control group in Dunn’s multi-
ple-comparison test with the standard 5% significance level) (Fig.
8C), supporting the conclusion that mouse otoferlin can rescue
morpholino knockdown in zebrafish. A table showing the per-
centage of larvae with the inflated swim bladder rescue phenotype
for the double morphants coinjected with the different otoferlin
constructs is included in Fig. 9D.

DISCUSSION

Based upon sequence, expression patterns, knockout phenotype,
and rescue studies, we conclude that otoferlin plays a conserved
role in hair cells. Despite divergence of the zebrafish and mamma-
lian genomes approximately 420 million years ago (49), the amino
acid sequences of otoferlin are highly similar, and mouse otoferlin
successfully compensates for loss of endogenous otoferlin expres-
sion in zebrafish. This suggests both a conserved function of the
protein in hair cells and a conserved set of binding partners for
neurotransmitter release. Indeed, the loss in hearing we observed
in otoferlin knockdown zebrafish matches mouse knockout mod-
els. We also note that while zebrafish have two otoferlin genes and
mammals have one, multiple splice isoforms of the gene have been
reported for mice and humans (23, 50).

Analysis of sequence identity of the C2 domains between spe-
cies showed greater conservation among the C-terminal C2D,
C2E, and C2F domains than for the N-terminal C2A domain. We
speculate that these C-terminal domains may play a functionally
conserved or redundant role in otoferlin function. Indeed, func-
tional redundancy among the C2 domains has been noted in re-

constituted membrane fusion assays (12). Experiments we report
indicate that shortened forms of otoferlin lacking the N-terminal
domains rescue the knockdown phenotype, in agreement with the
idea of functional redundancy. However, it is possible that the
N-terminal C2 domains play a role that was not detected in our
assays or a function found in mammals but not in zebrafish. In-
deed, our results seem to conflict with reports of missense muta-
tions in the C2B and C2C domains that have been linked to hear-
ing loss in mammals (51, 52) We speculate that these missense
mutations may reduce the structural stability of the protein, re-
sulting in lower levels of protein expression. Knockdown of both
zebrafish otoferlin genes was required for an observable pheno-
type in our studies, despite differing in the first N-terminal 183
amino acids, corresponding to the C2A domain, again suggesting
that some domains may be dispensable. Interestingly, biophysical
studies on the C2A domain have determined that this is the only
domain in otoferlin that does not bind calcium (12, 53). However,
studies on the otoferlin orthologues myoferlin and dysferlin have
found that the C2A domains of these proteins do bind calcium,
supporting the idea that the calcium binding activity of the C2A
domain may have diverged among the ferlins (12, 19, 54, 55).

Unexpectedly, otoferlin knockdown zebrafish displayed severe
deficits in balance and uninflated swim bladders, suggesting a crit-
ical role for otoferlin in balance. While otoferlin is expressed in
vertebrate vestibular hair cells, neither otoferlin knockout mice
nor human patients with otoferlin mutations suffer from balance
deficits (24). Our results clearly demonstrate a critical role for
otoferlin in zebrafish balance and vestibular hair cell function.
That calcium-dependent neurotransmitter release is attenuated
but not completely abrogated in knockout mouse vestibular hair
cells (24) may indicate that compensatory or redundant calcium
sensors exist in mammalian hair cells that are not active in ze-
brafish cells. Thus, zebrafish may serve as a model for future char-
acterization of otoferlin’s contribution to vestibular hair cells.

Despite the loss of morpholino knockdown efficiency and ex-
pression of both otoferlin genes around 120 hpf, most zebrafish
did not show any signs of swim bladder inflation or recovery of
balance even at 10 dpf, and many developed a curved spine. This
suggests that otoferlin may play a developmental role and that the
lack of otoferlin during a certain developmental window may have

FIG 9 Rescue of otoferlin KD swim bladder phenotype with mouse otoferlin constructs. (A) Rescue of swim bladder defect in 120-hpf otoferlin b�a KD larva
with FL otoferlin. (B) Rescue of swim bladder defect in 120 hpf otoferlin b�a KD larva with the 	ABC construct. (C) Rescue of swim bladder defect in 120-hpf
otoferlin b�a double-KD zebrafish with otoferlin mRNA. The arrow indicates the inflated swim bladder. (D) Table showing percentage of fish rescued at 120 hpf
coinjected with mouse otoferlin constructs including otoferlin mRNA.
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permanent effects on zebrafish physiology. In support of this, a
recent study reported abnormally small ventral cochlear nuclei in
otoferlin knockout mice (56). Future studies should focus on the
developmental effects linked to otoferlin loss of function.
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