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Abstract

Perception of sound is initiated by mechanically gated ion channels at the tips of stereocilia. Mature mammalian auditory
hair cells require transmembrane channel-like 1 (TMC1) for mechanotransduction, and mutations of the cognate genetic
sequences result in dominant or recessive heritable deafness forms in humans and mice. In contrast, zebrafish lateral line
hair cells, which detect water motion, require Tmc2a and Tmc2b. Here, we use standard and multiplex genome editing in
conjunction with functional and behavioral assays to determine the reliance of zebrafish hearing and vestibular organs on
Tmc proteins. Surprisingly, our approach using multiple mutant alleles demonstrates that hearing in zebrafish is not
dependent on Tmc1, nor is it fully dependent on Tmc2a and Tmc2b. Hearing however is absent in triple-mutant zebrafish
that lack Tmc1, Tmc2a and Tmc2b. These outcomes reveal a striking resemblance of Tmc protein reliance in the vestibular
sensory epithelia of mammals to the maculae of zebrafish. Moreover, our findings disclose a logic of Tmc use where hearing
depends on a complement of Tmc proteins beyond those employed to sense water motion.

Introduction
Generating an internal representation of the external world
requires an assortment of sensory cells (1–3) and sensory trans-
duction proteins (4–6). When stimuli are very different, such as
electromagnetic radiation versus chemical molecules, entirely
different cell types are required to capture and encode them (7).
In contrast, when stimuli are similar but meaningful to distin-
guish for organismal survival, evolutionary mechanisms have
allowed some sensory systems to diversify the proteins between
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cells to receive and encode information instead of generating an
entirely new cell type for each related stimulus (4–6).

Hair cells are sensory receptors that encode diverse mechan-
ical stimuli. In mammals, cochlear hair cells transduce sound
stimuli into electrical responses; however, in zebrafish, hair cells
of the maculae transduce both sound stimuli and linear accel-
erations. In the zebrafish ear, hair cells encode pressure waves
with a frequency range of 100–4000 Hz (8,9). Larval zebrafish have
a fully functioning auditory system (10) with a similar over-all
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neural architecture to that of mammals (11). The larval zebrafish
has two maculae: the anterior macula, or utricle, and the poste-
rior macula, or saccule. During the first week of development,
the posterior macula plays a larger role in hearing than does
the anterior macula, but both maculae seem to participate (9,12).
In contrast, hair cells of the lateral line, which are housed in
neuromasts, detect a different régime of mechanical stimuli to
serve as water motion detectors, sensing velocity, acceleration
or water vibrations (13–15). If and how hair cells vary at the
molecular level in different systems is an important question.

Transmembrane channel-like (Tmc) proteins are an evolu-
tionarily conserved family whose members can participate in
mechanotransduction in vertebrates and invertebrates (Supple-
mentary Material, Figure S1) (16–19). Insight into TMC1’s involve-
ment in human deafness initially came through investigation of
two consanguineous families from India that had members with
nonsyndromic hearing impairment. Initial studies identified a
recessive deafness form linked to 9q11–q21 to define the locus
DFNB7 (20). This segment of the human genome is syntenic to a
region of the mouse genome that is known to contain a deafness
locus called deafness (dn), which is associated with a reces-
sive form of heritable deafness (21,22). Using positional cloning,
the gene mutated in DFNB7/11, dn, and DFNA36 (a dominant,
nonsyndromic deafness form found within the same interval
as DFNB7/11) was identified as TMC1 (23). Mouse and human
genomes each contain a related Tmc1 paralog termed Tmc2. The
zebrafish genome contains three Tmc1 and Tmc2 orthologs, tmc1,
tmc2a and tmc2b, and each of the cognate mRNAs is present in
the larval and adult ear (24).

In mammals, TMC1 and TMC2 proteins localize to the sites of
transduction at the tips of stereocilia (25,26). The mechanoelec-
trical transduction channel properties are changed by mutation
in Tmc1 (27,28). Mutational and structural studies of TMC1 sup-
port the hypothesis that this protein is a pore-forming compo-
nent of sensory transduction channels in mammalian auditory
hair cells (29,30). Moreover, it was recently demonstrated that
TMC1 from green sea turtles and TMC2 from parakeets are pore-
forming subunits of mechanosensitive ion channels in vitro (31).
In addition, an increasing expression gradient of TMC1 protein
from the murine cochlear apex to the base is a major factor in
the apical-basal gradient in channel conductance (32).

Recently, we demonstrated that Tmc2a and Tmc2b are
necessary for normal mechanotransduction in the lateral line
system of zebrafish (18). Here, we investigate the requirement
of Tmcs for hearing in zebrafish to answer two salient
questions. First, do all vertebrates require Tmc1 for auditory
hair cell function? Second, do hair cells that encode mechanical
information for different sensory systems use the same set of
Tmc proteins? By answering these questions, we gain insight
into the Tmc proteins used by auditory hair cells and how hair
cells in different sensory systems may be modified to receive
and encode diverse stimuli.

Results
Tmc1 is not obligatory for hearing

Since hearing in humans (23) and mice (21,33) is dependent
on TMC1 and the orthologous gene’s mRNA is present in the
inner ear of zebrafish (24), we used transcription activator-like
effector nuclease (TALEN)-mediated genome editing to generate
a mutation in the 5th exon of tmc1 (Fig. 1A–E; Tables 1 and 2)
to test if this gene is necessary for hearing in zebrafish and to
address an essential question: do all vertebrates require Tmc1

to hear? The resulting frameshift mutation, tmc1cwr5, leads to an
opal (UGA) stop codon that resides upstream of all but one of
the predicted transmembrane domains, deleting 682 out of 990
residues and is expected to produce a nonfunctional protein.
To assay for hearing, we used the acoustic startle reflex, also
termed the C-start reflex, of larval zebrafish. Starting at 5-days
post-fertilization (dpf), zebrafish larvae exhibit a stereotypical
behavior in response to sudden and loud acoustic stimulation,
the C-start reflex, where the zebrafish bend to form a ‘C’ shape
and then dart away from the stimulus (34,35). All larval tmc1cwr5

mutants responded similarly to control animals in the C-start
reflex assay, which was conducted using a high-speed camera
collecting images at a frame rate of 1000 frames/s (Fig. 1G; Movies
1 and 2). Importantly, the movie demonstrates that the reflex
was elicited soon after the stimulus was applied, but well before
the waves of water that were also prompted by the stimulus
reached the larva, suggesting that the water motion’s action
on the lateral line was not what was evoking the response.
To obtain additional support for these data, we generated a
2nd mutant allele in tmc1 using clustered regularly interspaced
short palindromic repeats (CRISPR), tmc1cwr4. The product is pre-
dicted to lack the 605 C-terminal amino acids of the wild-type
protein and be devoid of all but two transmembrane domains
(Fig. 1A and F; Tables 1 and 2), rendering it nonfunctional. A nor-
mal startle reflex was observed for all tmc1cwr4 mutants (Fig. 1G;
Movie 3). The schematics shown in Figure 1E and F depict the
expected effects of the mutations on the protein products. How-
ever, unpredicted changes in splicing, such as exon skipping or
use of cryptic splice sites that avoid a frameshift mutation, are
possible (36). While either of these scenarios is conceivable, the
use of two distinct mutations in different exons of the same
gene diminishes the likelihood that bypassing of a frameshift
can explain the results. To determine if mutation of tmc1 in
either the tmc1cwr4 or the tmc1cwr5 mutants increased the expres-
sion of tmc2a or tmc2b, resulting in genetic compensation of
mechanotransduction, we performed quantitative real-time PCR
on mutant and control animals. Expression of tmc2a mRNA or
tmc2b mRNA in the tmc1 mutants did not increase and was simi-
lar to controls (Supplementary Material, Figure S2). These results
indicate that genetic compensation by tmc2a or tmc2b is not
responsible for the C-start reflex observed in the tmc1 mutants.

One possible explanation for these surprising findings is
that the zebrafish’s Tmc1 independence is transitory, and adults
require Tmc1 to hear. This would be akin to what is observed
in the mouse cochlea, where hair cells of the early postnatal
mouse use TMC2 for mechanotransduction before gradually
transitioning to TMC1 as the animal ages (19,27). To explicitly
test this notion, we examined older zebrafish to determine if
hearing is impacted in the adult tmc1cwr5 or tmc1cwr4 mutants,
which are viable into adulthood. A normal C-start reflex was
observed in the adult tmc1 mutants (Supplementary Material,
Figure S3; Movies 4 and 5). In all, these observations suggest that
Tmc1 is not required for hearing by larval or adult zebrafish, as
determined by the acoustic startle reflex assay.

Next, we examined mechanotransduction in the ear of tmc1
mutant larvae by measuring stimulus-evoked microphonic
potentials of the maculae (Fig. 1H–K). In the larval ear, the
posterior macula contributes more to stimulus-evoked and
sound-evoked microphonic potentials than does the anterior
macula (9,12). To determine a larval age range of zebrafish where
the electrophysiological characteristics of the maculae are rel-
atively stable, we determined the mean microphonic potentials
from 7 to 10 dpf and demonstrated that they were similar
for wild-type zebrafish (Supplementary Material, Figure S4).
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Figure 1. Mutation of tmc1 and behavioral and electrophysiological evaluation of mutants. (A) Schematic diagram illustrating the tmc1 genomic locus in zebrafish with

exons and splice sites displayed. Red arrows mark the targeted exons, 5 and 7, and associated mutagenized alleles, tmc1cwr5 and tmc1cwr4 , which were generated via

TALEN or CRISPR, respectively. (B) Segment of exon 5 subjected to TALEN-mediated genome editing. Two recombinant TALENs associated with corresponding half-

sites to enable FokI dimerization and DNA cleavage. Genomic editing deleted one nucleotide yielding a frameshift mutation. This mutant allele is termed tmc1cwr5 .

(C) Sequencing results of mutagenized and control loci. Blue highlight and blue delta indicate deleted nucleotide absent in the mutant. Red highlight denotes the

opal mutation that was generated by TALEN targeting in tmc1cwr5 . Topographical representations of wild-type Tmc1 protein (D) and mutated forms associated with

alleles tmc1cwr5 (E) and tmc1cwr4 (F). Amino acids of putative transmembrane domains are labeled in blue, and the TMC domain is in green. (G) Graph of the mean

percentages of mutant and control zebrafish that exhibited a C-start response when presented with vibrational stimuli ± standard error of the mean (SEM). Each

data point represents the percentage of positive responses a larva had in a trial of 20 stimuli (ntmc1
cwr5/+ = 6, ntmc1

cwr5 = 9, ntmc1
cwr4/+ = 4, ntmc1

cwr4 = 5). Stimulus-

evoked microphonic potentials measured from the otic vesicles of tmc1cwr5 (H), tmc1cwr4 (I) and control animals. Graphs of mean microphonic potentials from otic

vesicles of tmc1cwr5 (J), tmc1cwr4 (K) and control animals. Mean potential of tmc1cwr5 ± SEM = 72 ± 7.1 μV (n = 8), mean potential of heterozygous siblings = 76 ± 4.8 μV

(n = 8) (P = 0.3823); mean potential of tmc1cwr4 ± SEM = 69 ± 7.4 μV (n = 5), mean potential of wild-type or heterozygous siblings = 75 ± 6.4 μV (n = 6) (P = 0.9307). Statistical

significance determined by Mann–Whitney test.

The mean microphonic potentials of control fish and each
tmc1 mutant (tmc1cwr5 or tmc1cwr4) were comparable (Fig. 1H–K).
These findings indicate that Tmc1 is not a major contributor to
mechanotransduction in the maculae, as the bulk of ions enter
the hair cells without the need of this protein.

To affirm these data visually, we imaged the uptake of flu-
orescent molecule 4-Di-2-ASP (Fig. 2), a cationic styryl dye that
passes through the hair cell’s mechanotransduction channel and
can serve as a quantitative indicator of channel function (37,38).
After direct injection of 4-Di-2-ASP into otocysts, live hair cells
of anterior maculae of each tmc1 mutant (tmc1cwr5 or tmc1cwr4)

and control zebrafish permitted passage of similar levels of 4-
Di-2-ASP, supporting the conclusion that Tmc1 is not obligatory
for mechanotransduction in the maculae. Comparable results
were obtained when FM1-43FX, a fixable fluorescent molecule
with the capacity to pass through the mechanotransduction
channel (39,40), was injected into the ears of larval zebrafish
with mutations in tmc1 and controls (Fig. 3). The results from
our approach using two alleles are surprising since TMC1 has
been suggested to form the mechanotransduction channel pore
in vertebrate cochlear hair cells (29). These data demonstrate
that Tmc1 is not required for the majority of zebrafish auditory
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) Table 2. Mutants

Mutant fish Allele Putative Zebrafish
International Resource
Center (ZIRC) name

tmc1 single mutants cwr4 tmc1cwr4

cwr5 tmc1cwr5

tmc2a single mutant cwr3 tmc2acwr3

tmc2b single mutant cwr1 tmc2bcwr1

tmc2b tmc2a double
mutant

cwr2 cwr3 tmc2bcwr2 tmc2acwr3

tmc2b tmc1 tmc2a
triple mutant

cwr8 cwr4 cwr6 tmc2bcwr8 tmc1cwr4

tmc2acwr6

hair cells to function but do not preclude Tmc1 from playing a
subtle role in mechanotransduction.

Mutations of tmc2a and tmc2b result in attenuated
mechanotransduction in maculae

We next asked whether hair cells that encode mechanical infor-
mation for different sensory systems within the zebrafish use
the same set of Tmc proteins. Since Tmc1 is not an absolute
requirement for hearing in zebrafish, we searched for other
candidate Tmcs that may be necessary for hearing. Recently,
we demonstrated that mechanotransduction by the lateral line
of larval zebrafish is dependent on Tmc2a and Tmc2b, with
certain subgroups of hair cells absolutely dependent on Tmc2b
and others requiring both Tmc2a and Tmc2b (18). This finding
established that water motion detection relies on particular
complements of Tmc2 proteins depending on the anatomical
position of the hair cell on the surface of the animal and the
direction the cell faces (18). However, hair cells of the lateral line
serve a different function than those of the ear. The mechanical
stimuli that impinge on neuromasts of the lateral line and those
imposed on maculae are markedly different in duration and
quality (8,13–15), and this variation may require different Tmc
proteins.

To determine if the hair cells of the maculae absolutely
require the same Tmc2 module of proteins (Tmc2a and Tmc2b)
as that of the lateral line, whose transcripts are also present in
the inner ear, we monitored the acoustic startle reflex of larvae
that lacked functional versions of both of these proteins. Inter-
estingly, the acoustic startle reflex of tmc2bcwr2 tmc2acwr3 double
mutants (Tables 1 and 2) was inconsistent, with 39% of the pro-
vided stimuli being reacted to with a C-start reflex, whereas con-
trols reacted to 100% of stimuli (Fig. 4A and C; Movies 6 and 7).
Importantly, the startle reflex could have not been mediated by
the lateral line because there is no detectable mechanotransduc-
tion in this system in these double mutants (18). This intriguing
result suggests that mechanotransduction is functional, albeit
attenuated, in the ear of tmc2 double mutants.

To explore this hypothesis, we next probed the quality
of mechanotransduction in the ear of the tmc2bcwr2 tmc2acwr3

double mutant (18) by measuring stimulus-evoked microphonic
potentials from the otic vesicle. Surprisingly, we did not detect
potentials of significant magnitude in the double mutant
(Fig. 4D and F). Since the double-mutant zebrafish could respond
in the acoustic startle reflex assay, though inconsistently, we
thought the microphonic potentials may be too weak to detect
or the recording electrode may not be proximal to any hair cells
that still function, which could be obscured by the otolith that
overlays most of the hair cells (41).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa045#supplementary-data
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Figure 2. Tmc1 is not required for mechanotransduction in hair cells of the anterior macula as determined by 4-Di-2-ASP dye uptake. (A, C) Confocal micrographs

of 4-Di-2-ASP fluorescence in hair cells of the anterior maculae of controls (left) and mutants (right). Controls are tmc1cwr5/+ (A) and wild-type larvae (C). (B, D) Plots

of 4-Di-2-ASP fluorescence intensities of anterior maculae in tmc1 mutants. 6–8 dpf larvae were used. The control groups included both wild-type and heterozygous

siblings. Each data point is the fluorescence intensity of one macula as a percentage of the average value of the control group. Mean ± SEM is displayed. (B) Intensity of

tmc1cwr5 controls = 100% ± 11% (n = 5); intensity of tmc1cwr5 mutants = 113% ± 19% (n = 8). (D) Intensity of tmc1cwr4 controls = 100% ± 13% (n = 10); intensity of tmc1cwr4

mutants = 104% ± 18% (n = 3). Statistical significance determined by two-tailed unpaired t-test. Scale bar = 20 μm.

To search the maculae for hair cells that may have resid-
ual mechanotransduction capacity in the absence of Tmc2a
and Tmc2b, we monitored the ears of double-mutant larvae by
visualizing the uptake of cationic styryl dye 4-Di-2-ASP in hair
cells after direct injection of the dye into the otic vesicles. We
noted a ∼2.4-fold reduction in fluorescence in the anterior mac-
ulae of tmc2bcwr2 tmc2acwr3 double mutants relative to controls
(Fig. 5A and B). To obtain additional support for these findings,
we introduced the fixable fluorescent molecule FM1-43FX into
the ear. Similar results were observed for FM1-43FX uptake stud-
ies in tmc2bcwr2 tmc2acwr3 double mutants, in both anterior and
posterior maculae (Fig. 5C and D). Overall, these results indicate
that normal mechanotransduction in the maculae requires the
Tmc2a–Tmc2b module. Reduced mechanotransduction in the
double mutant signifies that hearing uses additional proteins
beyond those of the lateral line where the double mutant shows
no microphonic potential and no 4-Di-2-ASP or FM1-43FX uptake
by neuromast hair cells (18).

Mutation of tmc1, tmc2a and tmc2b results in deafness

The residual mechanotransduction observed in the maculae
of tmc2bcwr2 tmc2acwr3 double mutants compelled us to identify
the proteinaceous source of the diminished contribution. Our
first candidate was Tmc1. Although we demonstrated it to
have no major effect on hearing in the tmc1 single mutants
(Fig. 1), Tmc1 could provide latent mechanotransduction
function that had been masked by the presence of Tmc2a and
Tmc2b.

To test the hypothesis that Tmc1 allows for residual
mechanotransduction in the tmc2bcwr2 tmc2acwr3 double mutant,
we edited all three genes simultaneously using multiplex
genome editing (42,43) because they are located on the same

chromosome. Breeding single and double mutants to generate
a triple mutant would be challenging because it would rely
on recombination of mutant alleles that are proximal on a
chromosome, and, therefore, such a fish would be the product of
very rare genetic events. Using multiplex genome editing with
CRISPR, we generated a triple mutant, tmc2bcwr8 tmc1cwr4 tmc2acwr6

(Figs 4B and 6; Tables 1 and 2). All three mutations result in
stop codons upstream of most of the predicted transmembrane
domains of each gene and are therefore anticipated to result
in nonfunctional proteins. Acoustic startle reflex tests on the
tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutants demonstrated that
these larvae are deaf (Fig. 4C; Movie 8). Specifically, nearly
all (98%) of the triple mutants had no C-start reflex. On rare
occasions, a larva did respond, but this was likely due to touch
receptors that were still responsive in the animal. Controls
reacted to 100% of provided stimuli (Fig. 4C). We noted that
100% (10/10) of the tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutants
responded to touch stimuli, demonstrating that the cognate
proteins are not required for detecting touch. Next, we explicitly
evaluated the quality of mechanotransduction in the ear’s mac-
ulae by determining microphonic potentials and performing dye
uptake studies. In the tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutant,
no microphonic potentials were observed (Fig. 4E and G), nor did
the hair cells pass cationic styryl dyes 4-Di-2-ASP or FM1-43FX
(Fig. 5A–C, E). Finally, we examined the anterior and posterior
maculae to determine if the triple mutant had altered hair
cell viability compared to controls. The anterior and posterior
maculae had minor reductions in hair cell numbers (Fig. 7).
Overall, these results indicate that in the absence of Tmc2a
and Tmc2b, Tmc1 permits attenuated mechanotransduction,
allowing reduced levels of cationic styryl dyes to pass and
facilitating hearing, albeit inconsistently, indicating a nuanced
role for Tmc1 in zebrafish hearing.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa045#supplementary-data
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Figure 3. Tmc1 is not required for mechanotransduction in hair cells of the anterior and posterior maculae as determined by FM1-43FX dye entry. Confocal images of

hair cells from anterior (A, C, E, G) and posterior (B, D, F, H) maculae of control (tmc1cwr5/+, A, B or tmc1cwr4/+, E, F) and experimental (tmc1cwr5, C, D or tmc1cwr4 , G, H)

larvae at 7–8 dpf loaded with FM1-43FX (green) dye and labeled with phalloidin (red). A, anterior; M, medial; D, dorsal. Scale bar = 10 μm.

Mutation of tmc2a alone, but not tmc2b alone, reduces
mechanotransduction of auditory hair cells

We know that the Tmc2a–Tmc2b module is required for normal
auditory hair cell mechanotransduction; however, the contri-
bution of the individual Tmc2a protein to auditory hair cell
mechanotransduction is not known. To extricate Tmc2a’s poten-
tial contribution from that of Tmc2b in microphonic potentials
from auditory hair cells, we characterized the tmc2acwr3 single
mutant. The tmc2acwr3 single mutant displayed a reduction in
mean microphonic potentials (23.6 ± 3.4 μV; n = 5) relative to
controls (80.3 ± 6.9 μV; n = 25) (Fig. 8A and C), suggesting that
Tmc2a participates in carrying a significant proportion of ions
for mechanotransduction. As noted in our previous paper (18),
mutation of tmc2b did not noticeably impact mechanotransduc-
tion in the maculae (Fig. 8B and D). These findings agree with

expression data where tmc2a mRNA is more abundant in the ear
than that of tmc2b (24). However, our data reveal a partial reliance
on Tmc2a and Tmc2b for microphonic potentials that could not
be predicted by expression data alone. Specifically, in the wild-
type configuration, most current is carried by Tmc2a. However,
in the absence of Tmc2a, most of the remaining current is carried
by Tmc2b. When Tmc2a and Tmc2b are absent, a modicum of
Tmc1 activity is present and detectable.

Discussion
Using a molecular genetics approach that involved seven distinct
mutant alleles of three tmc genes, either separately or in strategic
combinations, we addressed two central questions pertaining to
the mechanotransduction process for hearing in vertebrates. Do
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Figure 4. Behavioral and hair cell electrophysiological characteristics of tmc2bcwr2 tmc2acwr3 double and tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutants. Schematics of

chromosome 5 with relative positions of tmc genes and associated mutant alleles for the tmc2bcwr2 tmc2acwr3 double mutant (A) and the tmc2bcwr8 tmc1cwr4 tmc2acwr6

triple mutant (B). (C) Graph of the mean percentages of mutant and control zebrafish that exhibited a C-start response when presented with vibrational stimuli ±
SEM. Each data point represents the percentage of positive responses a larva had in a trial of 20 stimuli (ntmc2b

cwr2/+
tmc2a

cwr3/+ = 5 (controls), ntmc2b
cwr2

tmc2a
cwr3 = 15,

ntmc2b
cwr8

tmc1
cwr4

tmc2a
cwr6 = 15). Tmc2bcwr2 tmc2acwr3 double mutant = 39 ± 5.6%, tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutant = 2.0 ± 0.96%. Representative recordings

of microphonic potentials measured from the ears of (D) double- and (E) triple-mutant animals. (F, G) Graphs of mean microphonic potentials from otocysts

of 7–10 dpf larvae are displayed. (F) Mean potential of tmc2bcwr2 tmc2acwr3 double mutants ± SEM = 0.42 ± 0.07 μV (n = 10), mean potential of heterozygotes

(tmc2bcwr2/+ tmc2acwr3/+) = 96 ± 3.5 μV (n = 12). (G) No potentials were observed in tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutants (n = 10), mean potential of wild-type

controls = 82 ± 3.4 μV (n = 10). Mann–Whitney test, ∗∗∗∗P < 0.0001.
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Figure 5. Loss of auditory mechanotransduction in the tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutant but attenuation in the tmc2bcwr2 tmc2acwr3 double mutant as

determined by fluorescent molecule entry. (A) Confocal micrographs of living hair cells from anterior maculae labeled with 4-Di-2-ASP to assess mechanotransduction

function of control (tmc2bcwr8/+ tmc1cwr4/+ tmc2acwr6/+ ; Top), tmc2bcwr2 tmc2acwr3 double-mutant (Middle) and tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple-mutant (Bottom)

larvae at 8 dpf. (B) Graph of 4-Di-2-ASP fluorescence intensities of anterior maculae in double and triple mutants. 6–8 dpf larvae were used. Each data point is the

fluorescence intensity of one macula as a percentage of the average value of the control group. Mean ± SEM is displayed. Tmc2bcwr2 tmc2acwr3 double mutants = 41 ± 10%

(n = 5), tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutants = 9.2 ± 3.3% (n = 4), tmc2bcwr8/+ tmc1cwr4/+ tmc2acwr6/+ control larvae = 100 ± 7.3% (n = 4). Significance determined

by one-way ANOVA: ∗∗∗∗P < 0.0001, ∗∗∗P < 0.001 and ∗P < 0.05. (C–E) Micrographs for qualitative comparisons of FM1-43FX uptake (green) by hair cells of the anterior and

posterior maculae: (C) control (tmc2bcwr8/+ tmc1cwr4/+ tmc2acwr6/+), (D) tmc2bcwr2 tmc2acwr3 double mutant and (E) tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutant. F-actin

of hair cells, including that of stereocilia, in maculae has been counter labeled with phalloidin (red) to reveal the total number of hair cells. A, anterior; M, medial; D,

dorsal. Scale bar = 20 μm in A and 10 μm in E.

all vertebrates require Tmc1 to hear? Hearing in mammals has
been shown to depend on TMC1, and this protein is considered
a pore-forming subunit in this class of animals (29). Using two
zebrafish mutants generated by two different methodologies, we
show that Tmc1 is not necessary for hearing (Fig. 1) but instead
contributes subtly. We detected a minor role for Tmc1 only in
a zebrafish strain where both tmc2a and tmc2b were mutated
(Figs 4 and 5). These findings demonstrate that Tmc1 is not

required for all vertebrates to hear or for all auditory hair cells
to transduce. They also suggest that the bulk of ion entry for
auditory mechanotransduction requires Tmc2 protein isoforms
where they may serve as pore-forming subunits. In zebrafish,
Tmc1 may instead play an ancillary role, perhaps modifying the
quality of mechanotransduction in the ear as a pore-forming
subunit or as a protein closely associated with the channel.
Moreover, Tmc1 may function in a subpopulation of hair cells
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Figure 6. Multiplex genome editing using CRISPR to disrupt tmc1, tmc2a and tmc2b. Graphical representations of tmc1 (A), tmc2a (F) and tmc2b (K) genomic loci of

zebrafish. Putative exons and splice sites are displayed. Red arrows mark the targeted exons. Segments of tmc1 exon 7 (B), tmc2a exon 9 (G) and tmc2b exon 6 (L) were

subjected to genome editing. Engineered CRISPR single-guide RNAs (sgRNAs) bind target sites to enable DNA cleavage. Mutagenesis deleted eight nucleotides from tmc1

(B), deleted three and inserted two nucleotides from tmc2a (G) and deleted five nucleotides from tmc2b (L) to yield frameshift mutations. (C, H, M) Amino acid sequences

of wild-type and mutant proteins. Sequencing results of mutagenized and control loci from tmc1 (D), tmc2a (I) and tmc2b (N). Blue highlights and blue deltas indicate

deleted nucleotides. Red highlights denote the stop codons that were generated near the CRISPR-targeting sites. Green highlight marks the site of inserted nucleotides.

(E, J, O) (Top) Topographical representations of the Tmc1 (E), Tmc2a (J) and Tmc2b (O) proteins. Arrowheads indicate points of introduced mutations. Amino acids of

transmembrane domains are labeled in blue, and the TMC domains are in green. (Bottom) Schematics of predicted truncated polypeptides produced by each mutant

allele are displayed. Inset, in O, displays mutant protein associated with tmc2bcwr2 produced in Chou et al 2017, emphasizing its similarity to the protein associated

with tmc2bcwr8 .
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Figure 7. Quantitation of hair cell numbers in tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple-mutant larvae. Confocal micrographs of anterior (A, B) and posterior (C, D) maculae

from a tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutant and a control (tmc2bcwr8/+ tmc1cwr4/+ tmc2acwr6/+) labeled with phalloidin 633. (E) Graph of enumerated cells of 8-dpf

larvae. Mean ± SEM per anterior macula: 107 ± 2.0 (n = 3) for the control and 83 ± 2.4 (n = 4) for the triple mutant. Two-tailed unpaired t-test, ∗∗∗P = 0.0008. Mean ± SEM

per posterior macula: 79 ± 3.0 (n = 3) for the control and 61 ± 1.3 (n = 4) for the triple mutant. ∗∗P = 0.0017. A, anterior; M, medial; D, dorsal. Scale bar = 10 μm.

based on the cell’s position within a sensory epithelium or on its
hair bundle’s orientation. Alternatively, Tmc1’s role in other hair
cell-containing organs may be more pronounced. Specifically,
two hair cell-containing organ types in which Tmc1 may play
a prominent role are the lagena and the crista. The lagena is an
otolithic organ that appears 11 dpf during development whereas

the three cristae are present in the embryonic stage and reside
in each ear to detect angular acceleration. Finally, there are two
pathways by which sound can stimulate the ear of an adult
fish: the direct pathway, where particle motion directly stimu-
lates the ear through the skull, or the indirect pathway, where
pressure waves indirectly stimulate the internal ear through
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Figure 8. Electrophysiological evaluation of tmc2a and tmc2b single mutants. Stimulus-evoked microphonic potentials measured from the otic vesicles of tmc2acwr3

(A) and tmc2bcwr1 (B) animals with controls. Graphs of mean microphonic potentials from otic vesicles of tmc2acwr3 (C) and tmc2bcwr1 (D) animals with controls. Mean

microphonic potential of tmc2acwr3 ± SEM = 23.6 ± 3.4 μV (n = 5), mean microphonic potential of wild-type and heterozygous siblings = 80.3 ± 6.9 μV (n = 25; Mann–

Whitney test, ∗∗∗∗P < 0.0001); mean microphonic potential of tmc2bcwr1 ± SEM = 105 ± 12.9 μV (n = 6), mean microphonic potential of wild-type and heterozygous

siblings = 83.1 ± 7.8 μV (n = 14; P = 0.13).

the swim bladder (44,45). It is possible that Tmc1 may play a
more prominent role in either of these pathways, which awaits
determination.

The lack of a significant role for Tmc1 displays what may be
a fundamental principle in the evolution of the auditory system.

Hearing in fish is macular in origin whereas in mice it is cochlear.
Mature cochlear hair cells in the mouse depend on TMC1 for
mechanotransduction, but the macular cells of zebrafish depend
on Tmc2 proteins. It was unknown if hearing was strictly depen-
dent on Tmc1 because of the unique qualities that this protein
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Figure 9. Macular hair cells of mammals and fish use similar Tmcs for mechanotransduction. In the mouse inner ear, cochlear hair cells are dependent on TMC1, but

vestibular hair cells use both TMC1 and TMC2 for normal mechanotransduction. The macular hair cells of the zebrafish inner ear also use Tmc1 and Tmc2 isoforms

(Tmc2a and Tmc2b) for normal mechanotransduction.

bestows upon hair cells or if the macular organ tends to retain
the use of Tmc2 proteins for function, be it auditory or vestibular.
We show here the latter is the case, and Tmc2a and Tmc2b are
the main Tmc components of mechanotransduction in audi-
tory hair cells of zebrafish. Since the high-frequency extreme
of zebrafish hearing is much lower than that of mammalian
hearing, TMC1 may have evolved to be the main TMC protein in
the cochlea because it is better equipped to capture and encode
exceptionally high-frequency stimuli that permit mammalian
survival.

Interestingly, however, the Tmc protein reliance in the
vestibular system of mammals and the maculae of zebrafish
is remarkably similar. In mice that lack TMC1, the vestibular
ocular reflex, transduction currents and the uptake of FM1-
43 by utricular hair cells are all normal (19), akin to what
we observe in zebrafish (Figs 1–3). In mice that lack TMC2,
transduction currents of utricular hair cells are reduced, again
similar to what we see in zebrafish that lack both Tmc2a
and Tmc2b where there are reductions in the uptake of FM1-
43FX and 4-Di-2-ASP. Overall, these findings show that the
maculae of mammals and zebrafish are similar at the molecular
level with regard to their Tmc dependencies (Fig. 9). These
findings also imply that Tmc proteins in zebrafish and mammals
function similarly in mechanotransduction. Therefore, studies
analyzing zebrafish Tmcs can lead to a better understanding
of their roles in mammals, including how these proteins may
function in the human ear. Specifically, future studies using
the unique combination of attributes of the zebrafish model

system (optical clarity, reverse genetics and transgenesis) may
contribute distinctively to our understanding of TMC proteins
in human disease. Along those lines, here we have created a
zebrafish model for recessive human deafness form DFNB7/11.
The tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutant is deaf. This animal
model should allow for the elucidation of pathophysiological
processes that result in DFNB7/11 deafness for which there is
limited access in humans.

Sensory cells for vision, olfaction and taste—among others—
discriminate similar types of stimuli within each respective sen-
sory system using different transduction proteins (4–6). However,
it is not clear how hair cells responsible for hearing in the
otic vesicle and those that detect water motion in the lateral
line may diverge so as to capture and encode the disparate
mechanical régimes that are imposed on these two systems. In
other words, do hair cells that encode mechanical information
for different sensory systems use the same set of transduction
proteins? By examining tmc2bcwr2 tmc2acwr3 double and tmc2bcwr8

tmc1cwr4 tmc2acwr6 triple mutants, we demonstrate that the dou-
ble mutant has attenuated hearing attributable to diminished
mechanotransduction, but the triple mutant is deaf owing to
extinguished mechanotransduction (Figs 4 and 5). Since it is
known that lateral line function is wholly dependent on Tmc2a
and Tmc2b, our results demonstrate that normal hearing uses
at least one protein beyond that used by the lateral line, Tmc1
(Fig. 10). These results offer the possibility that the mechan-
otransduction process is modified for distinct sensory systems,
such as those that respond to sound waves versus water flow.
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Figure 10. Schematic displaying the Tmc dependencies of maculae and posterior lateral line neuromasts. Mutation of tmc2a and tmc2b results in the loss of

mechanotransduction in the lateral line, but residual function is retained in the maculae. Triple mutants show no mechanotransduction in the maculae.

Our findings support a hypothesis in which hair cells use a
molecular strategy similar to that of other sensory systems:
variation in transduction proteins, Tmcs, enables sensory cells,
hair cells, to capture and encode a vast array of inputs. The
specific qualities that differ between Tmc proteins are unknown
and revealing them may require new empirical schemes.

Materials and Methods
Ethical approval

Protocols for housing and handling of zebrafish were approved
by Case Western Reserve University’s Institutional Animal Care

and Use Committee and conform to the principles and reg-
ulations as described in the Editorial by (46). Zebrafish were
anesthetized with 3-aminobenzoic acid ethyl ester methane-
sulfonate (Sigma-Aldrich) at 168 mg l−1. Zebrafish were eutha-
nized with 3-aminobenzoic acid ethyl ester methanesulfonate
at 672 mg l−1.

Zebrafish

Wild-type Tübingen (Tü), tmc2bcwr1 single-mutant (18) and
tmc2bcwr2 tmc2acwr3 double-mutant (18) zebrafish were used in
this study.
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Mutation of the tmc1 locus with TALENs

To identify a suitable region of exon 5 of the tmc1 gene
(ENSDARG00000056386) for targeting by transcription activator-
like (TAL) effector nucleases (TALENs), the ZiFiT Targeter
computational program was used (47,48). Specificity of the
tmc1 TALEN target site was confirmed by the NCBI BLAST
tool using the zebrafish genomic DNA database (https://bla
st.ncbi.nlm.nih.gov/Blast.cgi). TALEN expression vectors were
constructed with the fast ligation-based automatable solid-
phase high-throughput (FLASH) assembly protocol (49–51).
Biotinylated α units, extension units, termination units and
the expression vectors used in this study are listed in order
for tmc1-Left-TALEN (TAL376, TAL187-TAL33-TAL52, TAL305,
JDS74) and tmc1-Right-TALEN (TAL373, TAL12-TAL246-TAL230,
TAL336, JDS74). Designed vectors were confirmed by DNA
sequencing using primers oSQT1 (5′ AGTAACAGCGGTAGAG-
GCAG 3′), oSQT3 (5′ ATTGGGCTACGATGGACTCC 3′) and oJS2980
(5′ TTAATTCAATATATTCATGAGGCAC 3′). Sequence-confirmed
expression vectors carrying either tmc1-Left-TALEN or tmc1-
Right-TALEN were linearized with PmeI and were used as
templates for in vitro transcription reactions (Ambion mMessage
mMACHINE Ultra T7 kit; Life Technologies Inc.). RNAs were
purified by lithium chloride precipitation, and the quality
and quantity of each were verified (Agilent 2100 Bioanalyzer,
Agilent Technologies; Nanodrop 2000, Thermo Scientific). RNAs
that encode each half site of tmc1-TALEN at 150 ng/μl were
mixed with phenol red and 1× Danieau’s solution (58 mm
NaCl, 0.7 mm KCl, 0.4 mm MgSO4, 0.6 mm Ca(NO3)2, and 5.0 mm
HEPES pH 7.6) and then coinjected into zebrafish embryos at
the one-cell stage to create gene-specific mutations. Embryos
injected with tmc1-TALEN RNAs were collected individually
and subjected to mutation detection at the tmc1 TALEN target
site using high resolution melting analysis (HRMA) with
primers tmc1 TALEN1 HRM F1 (5′ TCTGTCTCAGGGAGTCGCAG
3′) and tmc1 TALEN1 HRM R1 (5′ ACTCGGATTCATACTCCTCACC
3′). The mutations in tmc1 carried by founder fish and F1
fish were identified using sequencing primers tmc1 TALEN1
F1 (5′ TTGTGTCCCAATCTGATGCG 3′) and tmc1 TALEN R (5′

CTTCATCTCCCACGGGATGC 3′). The tmc1cwr5 single mutant,
which has a 1-bp deletion that results in a frameshift, was used
in this work.

Mutation of tmc1, tmc2a and tmc2b with CRISPR/Cas9

CRISPR target sites were selected using the CHOPCHOP web
tool (http://chopchop.cbu.uib.no). sgRNAs were synthesized
using T7 RNA polymerase (MEGAscript, Invitrogen). Tmc1 (ENS-
DARG00000056386) was targeted with an sgRNA complementary
to exon 7 (5′ TGGGCTGGTCATGGTTCCAG 3′, tmc1-CRISPR11).
Tmc2a (ENSDARG00000033104) was targeted with an sgRNA com-
plementary to exon 9 (5′ AGGTCCCAATGCCCACCATG 3′ , tmc2a-
CRISPR4). Tmc2b (ENSDARG00000030311) was targeted with an
sgRNA complementary to exon 6 (5′ GGACTAAACCTTGTTCTCTT
3′, tmc2b-CRISPR2). Successfully targeted loci were identified
by HRMA (52) and DNA sequencing. RNAs that encode tmc1-
CRISPR11, tmc2a-CRISPR4 and tmc2b-CRISPR2 at 120 ng/μl
were mixed with Cas9 mRNA at 200 ng/μl, phenol red and 1×
Danieau’s solution and then injected into zebrafish embryos at
the one-cell stage to create gene-specific mutations. Embryos
injected with tmc1-CRISPR11, tmc2a-CRISPR4 and tmc2b-CRISPR2
were collected individually and subjected to mutation detection
at each target site, using HRMA with primers tmc1 CRISPR HRMA

Forward (5′ ATTCTTGAGGTGGATGTATGGC 3′), tmc1 CRISPR
HRMA Reverse (5′ ATAGAGTCCACATGCAGAACGA 3′), tmc2a CR4
HRMA Forward (5′ CAGGGTTACTGCAAGTACTCAG 3′), tmc2a CR4
HRMA Reverse (5′ GCAATGAATGAAAGAGGGACTC 3′), tmc2b
CR2 HRMA Forward (5′ CTTGTAGGCCATTTTGGATCATC 3′) and
tmc2b CR2 HRMA Reverse (5′ ACACAACACAACATACATTCCCA
3′). The mutations in each gene carried by founder fish and
F1 fish were identified using sequencing primers tmc1 CR10–
11 seq Forward Long (5′ TCCACATGCAGAACGAAGACA 3′), tmc1
CR10–11 seq Reverse Long (5′ GAGTCGCAGGAGTTTGTGGA 3′),
tmc2a CR4 seq Forward (5′ GAGACCGGAAATCTCGTGCC 3′),
tmc2a CR4 seq Reverse (5′ CCTTTTGTCACTGAGGGACAAC 3′),
tmc2b CR2 seq Forward (5′ CAAGACGGCTTGCATTCCCTGG 3′)
and tmc2b CR2 seq Reverse (5′ GTCCATGGCCGAATCCTGCTCC
3′). The tmc2bcwr8 tmc1cwr4 tmc2acwr6 triple mutant, the tmc1cwr4

single mutant and the tmc2acwr3 single mutant were used for
assays in this work. Because tmc1, tmc2a and tmc2b all reside
on chromosome 5, generation of triple-mutant zebrafish was
achieved by coinjection of one-cell stage zebrafish embryos with
Cas9 RNA and sgRNAs that target each of the respective genes.
This process is termed multiplex genome editing (42,43).

Acoustic startle reflex assay

Larval zebrafish were placed into individual Petri dishes posi-
tioned on a white background whereas adult fish were placed in
a small breeding tank. Controls were wild-type or heterozygous
siblings. Fish were placed in 1–1.5 cm of water for larvae and in
15–20 cm of water for adults. The startle stimulus was provided
by a tap on the Petri dish or tank wall using a metal probe. The
stimulus was only applied when the fish were relatively still and
not touching the container walls. Larval experiments were per-
formed at 5–10 dpf. To avoid habituation, an interval of 2 minutes
was given between stimuli. Each larval fish was presented with
20 vibrational stimuli, and the mean percentages of zebrafish
that exhibited a C-start response were graphed. Adult fish were
presented with 10 vibrational stimuli per fish. Specimens were
recorded as positive if they exhibited the characteristic C-bend
turn associated with the acoustic startle response from stimuli
(35,53) and as negative if there was no response to stimuli.
The apparatus for the startle response filming consisted of a
mounted camera and lighting fixture centered around a Petri
dish or a tank containing the fish. Videos were captured at 1000
frames/s (Fastec IL5 camera with a Nikon IF aspherical 24–85 mm
lens). Recordings were performed in a dark room with infrared
LED illumination or with ambient light. Videos were processed
using ImageJ.

Real-time polymerase chain reaction (RT-PCR)

RNA from four 6-dpf wild-type or tmc1cwr5 mutant zebrafish were
separately extracted (RNeasy Mini Kit; Qiagen). 400 ng of total
RNA from each sample was reverse transcribed to produce cDNA
(SuperScript III First Strand Synthesis System for RT-PCR Kit;
Invitrogen). The relative quantity of each mRNA was obtained
with the comparative threshold cycle (Ct) method. PCR amplifi-
cation was performed for a 20 μl reaction solution [10 μl of 2×
RT2 SYBR Green ROX Fast Mastermix (Qiagen), 4 μl of forward
primer (1 μM), 4 μl of reverse primer (1 μM), and 2 μl of diluted
template cDNA (400 ng/μl)] in a PCR machine (StepOnePlus
real-time PCR system; Applied Biosystems). All reactions were
performed in quintuplicate. The PCR conditions were as follows:
95◦C for 10 min then 40 amplification cycles (95◦C for 15 s,

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://chopchop.cbu.uib.no
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60◦C for 1 min). As an internal control, primers for GAPDH were
used to amplify in parallel. In all cases, a reverse transcriptase
negative control was included. Primer sequences: GAPDH RT-
PCR F1, 5′ GTGGAGTCTACTGGTGTCTTC 3′; GAPDH RT-PCR R1, 5′

GTGCAGGAGGCATTGCTTACA 3′; Tmc2a RT-PCR F3, 5′ ATGGCAT-
GAACTTGGTCCTC 3′; TMC2a RT-PCR R3, 5′ CAGTTTTCCGAG-
GAATGGAC 3′; Tmc2b RT-PCR F5, 5′ CTCTTCGGCTTCATGTTTGG
3′; and Tmc2b RT-PCR R5, 5′ GGGAATAGAGCCATAAGGGATG 3′.
The relative quantity of each mRNA was obtained with the
comparative threshold cycle (Ct) method, with the mean wild-
type control value set at 1.0. Ct values were obtained for each
reference gene with Ct defined as the threshold cycle of the PCR
at which the amplified product was first detected. �Ct is the
difference in Ct values between target genes and the GAPDH
internal control gene. ��Ct represents the difference between
�Cts from wild-type zebrafish and the tmc1 mutant. The fold
difference in a target gene’s expression between wild-type and
tmc1 mutant zebrafish was calculated as 2−��Ct.

Measurement of inner ear microphonic potentials

Zebrafish larvae, age 7–10 dpf, were anesthetized at room
temperature (∼22◦C) with 0.612 mm ethyl 3-aminobenzoate
methanesulfonic acid dissolved in a standard bath solution
(120 mm NaCl, 2 mm KCl, 10 mm HEPES, 2 mm CaCl2, 0.7 mm
NaH2PO4, and adjusted to pH 7.3). Anesthetized larvae were
mounted laterally in the recording chamber with low-melting-
point agarose (IBI Scientific Inc.). We used an upright microscope
(BX51WI; Olympus) equipped with a swing nosepiece and
4 × 0.13 and 40 × 0.6 NA objectives to visualize the larvae.
Circulation and heart rate were monitored visually to verify
that each larva was viable before, during and after recording.
We used a Grasshopper3 CMOS camera (Point Grey Inc.) and
manufacturer-provided software to view and capture images.
The recording pipette was made from borosilicate glass with a
resistance of 3–6 MΩ when filled with the bath solution. We
inserted the pipette into the otic vesicle where it was kept
near both maculae for recording. A glass stylus, tip diameter
of ∼7 μm, was placed on the skin above the otic vesicle to
vibrate the ear. The 200 Hz sinusoidal command stimulus was
generated by jClamp (Scisoft) (18,54–56), power amplified (ENV
800, Piezosystem Jena) and delivered by a piezo actuator (PA
4/12, Piezosystem Jena). Pipette placement was controlled by
a set of micromanipulators (MPC-325; Sutter Instrument). The
microphonic potentials were recorded with a PC-505B amplifier
(Warner Instruments), SIM983 amplifier (set at 20 ×, Stanford
Research) and a PCI-6221 digitizer (National Instruments) using
jClamp in current-clamp mode. The sampling rate for recordings
was 5 kHz. Responses had a frequency of 400 Hz due to the 2f
response (57,58) and were low pass filtered at 1000 Hz. All traces
shown and used in analysis are the average of at least 1000
trials. Mean amplitude as reported in graphs was calculated as
the average amplitude of all 8 peaks for each trace.

Dye injection into otocyst

At 6–8 dpf, zebrafish larvae were anesthetized in 0.612 mm
ethyl 3-aminobenzoate methanesulfonic acid in fish water and
mounted laterally in a Petri dish (Becton Dickinson) in low-
melting-point agarose (Promega). Approximately 1 nl of 200 μM
4-Di-2-ASP (Sigma-Aldrich) or 50 μM FM1-43FX (Invitrogen)
mixed with phenol red to 0.125% (Sigma Life Science) was
injected into the otic capsule (59,60). The larvae were imaged

(4-Di-2-ASP) or fixed (FM1-43FX) immediately after injection. To
reduce experimental variation, the same injection needle was
used to inject experimental and control larvae.

Imaging and quantification of 4-Di-2-ASP intensity

For imaging, the larvae were anesthetized in 0.612 mm ethyl
3-aminobenzoate methanesulfonic acid in fish water and
mounted laterally on glass-bottom dishes (MatTek) in 1.0%
(wt/vol) low-melting-point agarose (Promega). Z-stack images
of the entire anterior maculae were collected on a confocal
microscope (TCS SP8, Leica) with a 40×/1.3 NA oil-immersion
objective. A laser wavelength of 488 nm was used for 4-Di-2-ASP
excitation.

To quantitate 4-Di-2-ASP uptake in anterior maculae hair
cells, the outlines of entire anterior maculae (ROIs) were defined
manually with the help of the bright-field images taken simul-
taneously with the fluorescent images using software (LAS X,
Leica). The mean fluorescence intensity within each ROI was
measured from the maximum projection of each z-stack series.
After background subtraction, the 4-Di-2-ASP intensities of indi-
vidual maculae were normalized to the mean intensity of their
corresponding control group (Figs 2B, D and 5B).

Imaging of FM1-43FX

Fixation was performed as described previously (18). For imag-
ing, fixed zebrafish samples were mounted in antifade mounting
medium (VECTASHIELD; Vector Laboratories). Z-stack images of
the entire anterior or posterior maculae were collected on a
confocal microscope (TCS SP8, Leica) with a 40×/1.3 NA oil-
immersion objective. Excitation wavelengths of 488 nm for FM1-
43FX and 633 nm for Alexa Fluor 633 phalloidin were used.

Enumeration of mutant hair cells

Confocal images of the anterior and posterior maculae labeled
with Alexa Fluor 633 phalloidin were used for hair cell enumera-
tion. This process was carried out manually, and all hair cells of
both maculae were scored for one ear of each zebrafish.

Statistics and software

All statistical analyses were performed using GraphPad Prism 7.
Data are reported as mean ± SEM. Comparisons between groups
were tested by Mann–Whitney test, Student’s t-test or ANOVA
with Holm-Sidak post hoc testing depending on data distribution.

To make predictions of transmembrane domains of the
zebrafish Tmc proteins, we used computational software
PHILLIUS (http://www.yeastrc.org/philius/) (61), OCTOPUS (http://
octopus.cbr.su.se/) (62) and HMMTOP (http://www.enzim.hu/
hmmtop/) (63). Topographical representations of proteins were
generated with PROTTER software (http://wlab.ethz.ch/protter/
start/).
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