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Abstract

Unconventional myosins have been associated with hearing loss in humans, mice, and zebrafish. Mutations in myosin VI cause both

recessive and dominant forms of nonsyndromic deafness in humans and deafness in Snell’s waltzer mice associated with abnormal fusion of

hair cell stereocilia. Although myosin VI has been implicated in diverse cellular processes such as vesicle trafficking and epithelial

morphogenesis, the role of this protein in the sensory hair cells remains unclear. To investigate the function of myosin VI in zebrafish, we

cloned and examined the expression pattern of myosin VI, which is duplicated in the zebrafish genome. One duplicate, myo6a, is expressed in

a ubiquitous pattern during early development and at later stages, and is highly expressed in the brain, gut, and kidney. myo6b, on the other

hand, is predominantly expressed in the sensory epithelium of the ear and lateral line at all developmental stages examined. Both molecules

have different splice variants expressed in these tissues. Using a candidate gene approach, we show that myo6b is satellite, a gene responsible

for auditory/vestibular defects in zebrafish larvae. Examination of hair cells in satellite mutants revealed that stereociliary bundles are

irregular and disorganized. At the ultrastructural level, we observed that the apical surface of satellite mutant hair cells abnormally protrudes

above the epithelium and the membrane near the base of the stereocilia is raised. At later stages, stereocilia fused together. We conclude that

zebrafish myo6b is required for maintaining the integrity of the apical surface of hair cells, suggesting a conserved role for myosin VI in

regulation of actin-based interactions with the plasma membrane.

D 2004 Elsevier Inc. All rights reserved.
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Introduction opment and maintenance of hair cells. Much of our knowl-
Vertebrate mechanosensory hair cells in the ear have an

apical–basal polarity with a specialized cytoskeleton at the

apical surface. Mechanosensitive channels at the tips of

apical protrusions transduce small movements triggered by

sound or change in body disequilibrium into an electrical

signal. The identification of the genes underlying hearing

loss in mammals and the functional analysis of the proteins

they encode have aided in our understanding of the devel-
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edge regarding human hearing loss was acquired with

animal models, especially the mouse, due to the similarities

between the vertebrate inner ear, composed of a cochlea,

utricle, saccule, and semicircular canals, and their genomes

(Avraham, 2003; Quint and Steel, 2003). Limitations in the

mammalian system, however, have led to studies of the

zebrafish audiovestibular system, because this vertebrate

provides optimal access to the inner ear and hair cells due

to ex utero development. Furthermore, the hair cells are

visible and can be monitored from early developmental

stages (Haddon and Lewis, 1996; Nicolson et al., 1998).

Hair cell morphology and physiology, as well as the

developmental principles, are similar to that of higher

vertebrates (Haddon and Lewis, 1996; Lanford et al.,

2000). Most importantly, due to its short generation time
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and its large number of offspring, zebrafish provide an

excellent tool for genetic studies such as large-scale muta-

genesis screens and transgene expression.

One of the first genes found to be involved in deafness was

the molecular motor myosin VI, initially identified in Snell’s

waltzer (sv) mice (Avraham et al., 1995). Mutations in myosin

VI (MYO6) underlie nonsyndromic hearing loss (NSHL)

DFNA22 and DFNB37 (Ahmed et al., 2003; Melchionda et

al., 2001). In sv/sv mice lacking myosin VI protein, the

stereocilia bundles become disorganized over time and the

stereocilia fuse together, resulting in giant stereocilia 20 days

after birth (Self et al., 1999). In addition, studies of fibroblasts

from sv/sv mice showed a reduction in both secretion and the

size of the Golgi network (Warner et al., 2003).

The motor protein myosin VI belongs to the family of

unconventional or nonclassical myosins and moves toward the

pointed (�) end of actin, unlike most other myosins (Wells et al.,

1999). Moreover, myosin VI functions as both an anchor and a

transporter (Altman et al., 2004). Myosin VI was first identified in

Drosophila as the 95F myosin heavy chain (Kellerman and

Miller, 1992), where it is required for basal protein targeting

and spindle orientation in mitotic neuroblasts, as well as epithelial

morphogenesis throughout development (Deng et al., 1999;

Petritsch et al., 2003). In Caenorhabditis elegans, myosin VI is

essential for asymmetric segregation of cellular components

during spermatogenesis (Kelleher et al., 2000). In mammalian

cells, myosin VI is associated with the Golgi complex (Buss et al.,

1998) and was suggested to be involved in clathrin-coated vesicle

formation, as well as in trafficking of uncoated nascent vesicles

(Aschenbrenner et al., 2003; Biemesderfer et al., 2002; Buss et al.,

2001). The mammalian myosin VI protein is expressed in a

variety of tissues and cells (Avraham et al., 1995; Hasson and

Mooseker, 1994); however, in the inner ear, myosin VI is

expressed solely in the sensory hair cells (Hasson et al., 1997).

Because of limited accessibility to the sensory organs in

mammalian model systems, the zebrafish has acquired a

vital role in the auditory and vestibular research areas

(Whitfield, 2002). As with other vertebrates, fish sense

sound and gravity with the inner ear but they have an

additional sensory organ to detect water movements, the

lateral line system. The overall organization of the inner ear

of zebrafish larvae resembles the mammalian vestibular

system, composed of three semicircular canals with one

patch of sensory cells in each called crista. In addition, the

zebrafish inner ear has two (later three) patches of sensory

cells in the macular organ under a stone-like otolith. Like

mammalian hair cells, the mechanosensory hair cells of the

inner ear and lateral line system have an apical–basal

polarity with a hair bundle at the upper surface of the cell.

The hair bundle is a collection of highly ordered actin-filled

protusions called stereocilia. Deflection of the bundle to-

ward the tallest stereocilia leads to depolarization.

Several large-scale screens for genetic defects have been

performed in zebrafish; to date, over 59 mutant loci with

inner ear developmental defects have been identified and

can be recognized by abnormal ear structure and behavior
(Granato et al., 1996; Whitfield et al., 1996). Fourteen

mutants were identified with defects specific to inner ear

sensory cell function, with many not responding to acoustic

vibrational stimuli (Nicolson et al., 1998). These circler

mutants have, in addition, a characteristic behavioral phe-

notype of balance defects.

Despite the pathogenesis caused by myosin VI muta-

tions, the role of this protein in the hair cell is not fully

understood. To gain further insight into the cellular basis of

deafness associated with myosin VI, we turned to Danio

rerio (zebrafish). In this study, we present two myosin VI

genes, designated myo6a and myo6b, and demonstrate that

zebrafish satellite (sai) mutants harbor mutations in myo6b.
Materials and methods

Zebrafish strains

All alleles of satellite were generated in the Tübingen (Tü)

background. albino mutant larvae in Tü background were used

for in situ hybridization. All larvae were raised until 120

h postfertilization (hpf) in E3 medium at 30jC. Zebrafish
stocks were maintained as described (Haffter et al., 1996).

Mapping of myo6a and myo6b

We used the zebrafish Goodfellow T51 radiation hybrid

panel to physically map myo6a and myo6b. Amplification was

performed as previously described (Geisbrecht and Montell,

2002). The mapping prediction on the T51 panel map was

performed using the ‘‘It’s Cool! and It’sHot! Instant Mapping’’

website from The Children’s Hospital Zebrafish Genome

Project Initiatives http://www.zfrhmaps.tch.harvard.edu/

ZonRHmapper/instantMapping.htm).

The PCR band patterns derived from the genomic DNA

of each radiation hybrid cell line for myo6a was (1: PCR

band, 0: no band, 2: uncertain): 001000001100000-

00000000000000100000000000000001000010000000-

00011001100110000000101000000000101. The mapping

patterns for myo6b was 00100000100010000000010010-

01000000000000000000000000200100000000000000001-

000000101000000000001.

Cloning of myo6a and myo6b

The bass myosin VI (Breckler et al., 2000) was used to

identify zebrafish myosin gene myo6a. Primers designed

from a portion of the globular domain of the tail from the

bass myosin VI isoform FMVIA (3642f-5V GGATATGTGT-
GAGCTGAGTCTGGAG 3V and 3807r-5VCATGGCTGTG-
GCGTAGGTGG3V) were used to amplify zebrafish genomic

DNA. The 32P-dCTP labeled product was used to screen an

adult zebrafish kidney cDNA library. Hybridization was done

with Church buffer at 65jC. Posthybridization washes were

done in 0.1� SSC, 0.1% SDS, 40 mM sodium phosphate pH

 http:\\www.zfrhmaps.tch.harvard.edu\ZonRHmapper\instantMapping.htm 
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7.2 at 65jC. Clones were then obtained from RZPD (German

Resource Center for Genome Research, Berlin) according to

the coordinates that were found. Approximately 70% of the

gene, including the 3VUTR, was obtained from these clones.

The 5V end could be predicted from both ESTs and the

genomic contigs. The sequencewas confirmed by sequencing

PCR products obtained using primers generated from the

predicted sequence on cDNA from 5-day-old larvae.

To search for additional myosin VI genes, a fragment from

the tail domain of mouse myosin VI corresponding to amino

acids 1012–1264 (Genbank Accession No. NM_008662)

was used to search the draft sequence of the zebrafish genome

using Ensembl BLAST (http://www.ensembl.org/Danio_

rerio/blastview). This revealed one contig containing sequen-

ces from myo6a and another one similar but not identical to

the first. We confirmed that the new gene, designated myo6b,

is a myosin VI paralogue by performing BLAST analysis

against the identified contig and found that a large portion of

the coding sequence was identical to humanMYO6, with less

identity to other myosins. Approximately 80% of the gene,

including the 5V end, could be predicted from the genomic

contigs. The sequence was then confirmed by sequencing

PCR products obtained using primers generated from the

predicted sequence on cDNA of adult zebrafish. The 3V end

was amplified by RACE PCR using the Marathon RACE Kit

(Clontech) with cDNA from 5-day-old larvae. The 5V end

was confirmed by RACE using the same method.

Mapping and sequencing of satellite

For genetic mapping of satellite, the allele tn3137 was

used. The mutation was generated in the Tü background; for

mapping, carriers were crossed with wild type from the

background wik. Linkage analysis was performed using

PCR-able (CA)n SSLP markers as described previously

(Knapik et al., 1998; Talbot and Schier, 1999).

For sequencing of the satellite alleles, total RNAwas isolated

from 3- to 5-day-old larvae using the Nukleospin RNAII kit

(Macherey Nagel). cDNA was amplified using the Advantage

RT for PCR Kit (Clontech). For sequencing, three overlapping

fragments of myo6b were amplified, precipitated using EtOH

and sodium acetate and used directly for sequencing.

In situ hybridization

Whole-mount in situ hybridization was performed as

described previously (Hammerschmidt et al., 1996;

Schulte-Merker et al., 1994). The coding sequence from

myo6a corresponding to 3175–3630 bp was used as a

probe. The coding sequence corresponding to 3023–3522

bp was used for myo6b expression.

Fluorescent staining and microscopy

Fluorescent labeling of lateral line neuromasts with

FM1–43 (Molecular Probes) was performed as previously
described (Seiler and Nicolson, 1999). Day 5 larvae were

stained for 30 s in E3. For phalloidin staining of hair

bundles, 5-day-old larvae were fixed overnight in 2%

glutaraldehyde/1% paraformaldehyde in Ringer solution

(145 mM NaCl, 3 mM KCl, 1.8 mM CaCl2, 10 mM HEPES

pH 7.2). The larvae were then treated for 24 h with 2%

Triton-X100 at 4jC in the presence of fixative, washed four

times and stained for 24 h (4jC) with 10 U/ml Alexa488-

Phalloidin (Molecular Probes). For confocal microscopy, an

inverted Leica DM IRBE microscope equipped with a 100�
oil lens was used. For live images (FM1-43), 5-day-old

larvae were anesthetized with MESAB (0.02% 3-amino-

benzoic acid ethyl ester) and examined under an Axiophot

microscope equipped with a Zeiss Axiocam. The settings

including the exposure time were optimized with wild-type

larvae and not changed for the mutant larvae.

Light microscopic images of live fish were taken with a

60� water immersion lens and a CoolSnap digital camera

(Roper Scientific, Tuscon, AZ) using Metamorph software

(Universal Imaging Corp., Downingtown, PA).

Electron microscopy

For electron microscopy, larvae were processed as pre-

viously described (Seiler and Nicolson, 1999). Briefly,

larvae were fixed in 2% glutaraldehyde/1% paraformalde-

hyde in Ringer solution. Whole larvae were embedded in

Epon and oriented in a way such that the ear was sectioned

in a transverse dorsal to ventral direction. To characterize

and compare the phenotype of sai in different alleles and

different stages, we examined 4 and 8 dpf larvae of the

alleles tn011 and jq392 (each n = 1), 5 dpf larvae of the

allele tn3216 (n = 1), and 4 dpf (n = 2), 5 dpf (n = 3), and

8 dpf (n = 2) larvae of the allele tn3137.

Microphonic potentials of hair cells

Extracellular receptor potentials were recorded as previ-

ously described (Nicolson et al., 1998).
Results

Identification of two myo6 loci in zebrafish

To establish a zebrafish model for myosin VI-associated

deafness and to obtain insight into the function of the gene in

the inner ear, we searched for zebrafish myosin VI and

subsequently identified two genes, designated myo6a and

myo6b, both homologues of the human MYO6. myo6a was

detected by amplification from zebrafish genomic DNAwith

primers made from the globular domain of the bass myosin

VI isoform FMVIA (Breckler et al., 2000). The product was

used to screen an adult zebrafish kidney cDNA library. Using

the zebrafish T51 radiation hybrid panel, myo6a mapped on

LG 20 near to the EST fc83h02 (Fig. 1A). A portion ofmyo6b
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Fig. 1. myosin VI is duplicated in zebrafish. (A, B) Mapping of myo6a and myo6b. (A) myo6a maps to chromosome 20 between the markers fi04e05 and

z10901. (B) satellite (sai) was mapped to chromosome (LG) 17 between the markers z7170 (10 recombination events/2654 meiosis) and z22901 (11

recombinations/594 meioses). myo6b mapped to the T51 radiation hybrid map in the same area. (C) Phylogenetic relationship of myosin VI proteins. Unrooted

phylogenetic tree was constructed in MacVector7 (accelrys) using clustalW alignment. Full-length amino acid sequences of the proteins were used. Danio rerio

Dr A; Danio rerio Dr B. Accession numbers of the proteins used for the phylogenetic tree are NP_032688 (Mus musculus, Mm myosin VI), AAC51654 (Homo

sapiens, Hs myosin VI), AAA97927 (Caenorhabditis elegans, Ce hum-3), A54818 (Sus scrofa domestica, Ss myosin VI), AAD52005 (Morone saxatilis, Ms A

FMVIA), AAD52006 (Morone saxatilis, Ms B FMVIB), Q01989 (Drosophila melanogaster, Dm 95F MHC-Jaguar protein), XP_236444 (Rattus norvegicus,

Rn Myosin VI), CAB96536 (Gallus gallus, Gg myosin VI), AAF72178 (Strongylocentrotus purpuratus, Sp myosin VI). The scale indicates phylogenetic

distance by substitution events.
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was identified by BLAST analysis with the mouse sequence

against the draft sequence of the zebrafish genome and used

to determine its chromosomal location. myo6b mapped on

LG 17 in proximity to the z-Marker z7170, in the region

where the satellite locus was mapped (Fig. 1B).

Isolation and characterization of myo6a and myo6b

Approximately 70% of myo6a was obtained by screening

an adult zebrafish kidney cDNA library including the

3VUTR. The 5Vend of the gene was predicted from genomic

sequence and EST clones and was confirmed by RT-PCR.

Approximately 80% of myo6b, including the 5V end, was
Fig. 2. Splice variants of myo6a and myo6b and their expression in adult zebrafis

present in myo6a. The large insert between the coiled coil domain and the globular

is present within the globular domain. In myo6b mRNA, the large insert within t

insertion. (B) Expression of the various splice forms in different adult tissues (arr

norvegicus; Hs: Homo sapiens; Dr: Danio rerio; Rc: Rana catesbeiana.
predicted from genomic sequence and was confirmed by

RT-PCR and by RACE-PCR with cDNA from 5-day-old

larvae. The 3V end of the myo6b was obtained by RACE-

PCR with cDNA from 5-day-old larvae.

As in all myosins, the zebrafishmyosin VI proteins consist

of a head, a neck and a tail region, and the domain structure of

these regions is conserved with the other known myosin VI

molecules. The head or motor domain contains an ATP-

binding site and an actin-binding domain. This catalytic

domain is followed by a head insertion of approximately 53

amino acids, which is unique to myosin VI, and an IQ motif,

both of which are thought to compose a lever arm that confers

directionality of myosin VI movement (Fig. 2) (Wells et al.,
h tissues. (A) Two sites with differential splicing within the tail domain are

domain has two different sizes (Dr Myo6a-l and Dr Myo6a-s). A small insert

he tail domain is also present and there is an additional site after the head

owhead indicates the forms without insert). Gg: Gallus gallus; Rn: Ratttus
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1999). The tail consists of a coiled coil domain and a globular

domain (Fig. 2). Myo6a has a predicted length of 1292 amino

acids (AA) and Myo6b has a predicted length of 1267 AA.

The proteins share high AA homology of 82% (76% on the

nucleotide level). The head and neck regions have a slightly

higher conservation (both 87%) than the tail region (78%).

Phylogenetic tree of Myo6 proteins

To address the phylogenetic relationship among the

myosin VI genes, an unrooted phylogenetic tree based on

the predicted amino acid sequence was constructed using

the Clustal W program (Fig. 1C). When constructing a

phylogenetic tree based only on the predicted head domain,

the evolutionary distance decreases, further indicating that

the head is the most conserved domain.

When comparing the entire lengths of the proteins, the

fish homologues are on one branch, while the mammalian

genes are on a different branch, very close to the Gallus

gallus (chicken) myosin VI. Myo6 was found to be dupli-

cated in another distantly related fish, the striped bass

(Morone saxatilis) (Breckler et al., 2000). Although M.

saxatilis and D. rerio are from distantly related orders

[Perciformes (perch-likes) and Cyprinoformes (carps), re-

spectively] the Myo6a proteins from bass and zebrafish are

in one branch and the Myo6b proteins in another. This may

be explained by a genome duplication event in fish that

occurred after the divergence of ray-finned fishes and lobe-

finned fishes, from which the mammalian lineage evolved

(Prince and Pickett, 2002; Taylor et al., 2003). Our study

suggests that this duplication happened before the split of

the perch and carp lineage.

Alternative splice forms of myo6a and myo6b

Two different sites of alternative splicing have been

described in the tail domain of myosin VI. These include

one large insert between the coiled coil region and the

globular domain (Breckler et al., 2000; Buss et al., 2001),

and a small insert within the globular domain.

The large insert has been shown to be required for

clathrin-dependent endocytosis and is expressed in polarized

cells (Buss et al., 2001). In zebrafish, we detected this insert

in both myo6a and myo6b. The length of the large insert

varies in different species; in human, it consists of 20 amino

acids, while in the bass, Myo6a has 13 amino acids

(Breckler et al., 2000; Buss et al., 2001). In zebrafish

Myo6a, there are two variants of the large insert, a variant

with 24 amino acids and a variant that contains only the first

11 amino acids. In Myo6b, there is one splice variant of 12

amino acids (Figs. 2A,B). The 24 amino acid variant of

Myo6a has high amino acid similarity to the large insert of

Rattus norvegicus (rat), Mus musculus (mouse), Homo

sapiens (human), and G. gallus (chicken). The 11 amino

acid variant of myo6a and the myo6b large insert from

zebrafish, as well as the large insert described for myo6a and
myo6b in the bass (Breckler et al., 2000), have no similarity

to mammalian and chicken myosin VI.

These inserts are too small to be detectable by whole-

mount in situ hybridization. To investigate their expres-

sion, we prepared cDNA of different adult tissues (Fig.

2B). The 24 amino acid form of the Myo6a large insert is

expressed in intestine and gills; the 11 amino acid variant

is detectable in the gills. The large insert of Myo6b could

only be detected in the eye and brain, while the form with

no insert is present mainly in cDNA from the eye, ear, and

intestine.

The small insert splice variant could only be detected in

zebrafish myo6a, as an insert of 10 amino acids but not in

zebrafish myo6b. The small insert is fully conserved be-

tween the mammals but not in zebrafish or striped bass. The

small tail insert of myo6a is expressed in the eye and brain

with very weak expression in the heart.

Using RT-PCR analysis on 5-day-old larvae, we detected

an additional three amino acids insert immediately after the

head insertion in about 40% of the myo6b transcripts. These

amino acids leads to the addition of a putative casein kinase

II (CK2) phosphorylation site [consensus S/T-(X)2-D/E,

here SPED]. In adult tissues, these additional amino acids

were detected mainly in the ear but not in the eye (Fig. 2B,

top panel). Very weak expression was also detectable in the

gills, intestine, and brain.

We performed a BLAST protein database search to

identify other myosin VI orthologues with similar inser-

tions. We found a fragment from Rana catesbeiana (bull-

frog), which also contained three additional amino acids

after the head insertion (Accession No. AAA65090 and

AAA65079). A putative caseine kinase phosphorylation site

is present due to this domain as well (here SPEE instead of

SPED), increasing the likelihood that this quite short do-

main is indeed functional.

myo6a and myo6b are expressed in different organs

To determine the spatial and temporal expression of

myo6a and myo6b, we performed in situ hybridization with

1, 3, and 5-day-old whole larvae. In 1-day-old larvae,

myo6a is expressed in the anterior neuroectoderm and the

trunk, with strong expression in the pronephros (Figs.

3A,B). In 3-day-old (data not shown) and 5-day-old larvae,

myo6a is expressed in the brain, the gills, the mesonephros

(kidney) and in the gut (Figs. 3C, D). The weak expression

in the swim bladder and inner ear is most likely nonspecific

and due to collection of dye in these closed cavities. This

expression was also present when stained with the sense

probe, while the other signals were specific for the antisense

probe (data not shown).

myo6b is specifically expressed in the sensory hair cells

(Figs. 3E–H), which is consistent with our finding that

mutations in this gene lead to the satellite mutant phenotype.

At day 1, myo6b is expressed in the precursors of the sensory

hair cells, the tether cells, at the anterior and posterior part of



Fig. 3. Expression patterns of myo6a and myo6b in the developing zebrafish. At 24 hpf, myo6a is expressed throughout the whole embryo with strong

expression in the anterior neuroectoderm (B) and the pronephric duct (A; arrow). At 5 dpf, myo6a is expressed in the mesonephros (kidney) (arrow in D),

intestine (C, D; asterisk in D) and brain. (C) Weak expression is visible in gills (C, arrowhead). myo6b is expressed in mechanosensory hair cells; at 24 hpf

(E, F) in the first hair cells of the otic placode (arrow in E), and at 5 dpf in the inner ear and neuromasts (G; neuromasts indicated with arrows). (H) A

cryosection of a larval ear stained as in G, showing expression of myo6b in hair cells of the utricular macula (asterisk) and lateral crista (arrow). Scale bar in

H indicates 50 Am in A, B, D, E, 225 Am in C, G, and 25 Am in F, H.
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the otic vesicle (Figs. 3E, F). At day 3 (data not shown) and

day 5, myo6b is expressed in the patches of sensory hair cells

of the inner ear and lateral line organ (Figs. 3G, H). After

prolonged staining, expression was also detectable in the

intestine at 5 dpf (not shown). No staining was seen in these

areas with the sense probe (data not shown).
Identification of myo6b as satellite

The zebrafish myo6b maps near the satellite (sai) locus

(Fig. 1B). satellite is one of a total 24 loci related to a deafness

phenotype that have been identified in recent screens (Gran-

ato et al., 1996; Nicolson et al., 1998; T. Nicolson,



Fig. 4. Diagrammatic representation of zebrafish myosin VI and the mutations in satellite/myo6b. Myosin VI is comprised of three parts—head (red), neck

(orange), and tail (green and blue)—containing several domains as indicated in the figure. Sequencing of myo6b from sai mutant larvae revealed mutations in

four alleles. tn3137 causes a truncation of the protein (Y228X). tn3216 leads to a deletion of a 145-bp exon (r.1079_1223del) caused by a mutation in the splice

donor site (1224 + 1G > T) resulting in a frameshift. t2460 has a in frame deletion of a 96-bp exon (r.1676_1771del) due to a mutation in the acceptor site

(1676-2A > G). tn011 has a mutation removing the stop codon (X1253R).
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unpublished results). Mutations in satellite cause one of

the weaker phenotypes of this class, because all mutants

carrying one of the five alleles. However, all satellitemutants

have an obvious vestibular defect resulting in uncoordinated

swimming.

Sequencing of myo6b from mutant larval cDNA or ge-

nomic DNA revealed four different mutations in four alleles

of satellite (Fig. 4).Wewere unable to detect a mutation in the

open reading frame of the fifth allele. In the allele saitn3137, we

found a nonsense mutation at codon 228, 684T!A, leading

to a premature stop codon (Y228X) (Fig. 4). The presumed

truncation occurs in the head of Myo6b, distal to the ATP

binding domain. The allele saitn011 has a nonsensemutation at

the stop codon, 3802T!C, leading to removal of the generic

stop codon (X1268R) (Fig. 4). Because no alternative stop

codon is present in the UTR, the mutation adds 29 amino acid

residues that are followed by the polyA tail at the nucleotide

level. In the allele sait2460, we found a mutation in the splice

receptor, 1684(�2)A!G, leading to an in-frame deletion of

a 96-bp exon (Fig. 4). The allele tn3216 harbored a mutation

in the splice donor, 1078(+ 1)G! T, leading to a deletion of

145-bp exon, ending with a frameshift and a premature stop

codon (Fig. 4).
Fig. 5. Extracellular receptor potentials and FM1–43 uptake are reduced in mutan

mechanical stimuli are reduced in larvae carrying the tn3216 allele. Comparison of

a marked reduction of uptake in mutant satellite hair cells. Scale bar, 50 Am.
Functional analysis of satellite hair cells

To determine if the function of mutant satellite hair

cells was compromised, we measured the microphonic

potentials of hair cells of the lateral line system. This

noninvasive method measures the extracellular receptor

potentials of hair cells upon mechanical stimulation (Nic-

olson et al., 1998). In wild-type larvae, the average

measured extracellular receptor potential of the hair cells

of one neuromast was 17.3 AV. The extracellular receptor

potentials in the presumed null allele saitn3216 were re-

duced by about 83% (to 2.98 AV) (Fig. 5A). Zebrafish

circler mutants or nompC morphants that have reduced or

absent extracellular receptor potentials, also have reduced

labeling or do not take up the styryl dye FM1–43 (Ernest

et al., 2000; Seiler and Nicolson, 1999). To investigate if

satellite mutants have reduced or normal uptake of FM1–

43 in lateral line hair cells, we compared mutant satellite

larvae to wild-type larvae (Figs. 5B–D). Although the

uptake of FM1–43 was strongly reduced, some staining

was still visible in mutant hair cells (Figs. 5B–D; Table 1).

These results were consistent with the reduction in extra-

cellular receptor potentials.
t satellite/myo6b hair cells (5 dpf). (A) Electrical responses in hair cells to

FM1–43 labeling in wild type (B), tn3137 (C), and tn011 (D) larvae shows



Table 1

Summary of defects in mutant satellite/myo6b larvae

Allele Acoustic

startle

reflexa

Apical surface Microphonics

(AV)
FM1–43

uptakeb

Wild type + Normal 17.3 +

tn3137 +/� Abnormal n.d. +/�
tn3216 +/� Abnormal 2.98 +/�
t2460 +/� Abnormal n.d. +/�
tn011 +/� Abnormal n.d. +/�
a + indicates normal responses to stimuli (tapping on petri dish); +/�
indicates that some larvae do not respond to every stimulus.
b

C. Seiler et al. / Developmental Biology 272 (2004) 328–338 335
Fine structure analysis of mutant satellite hair bundles

The phenotype of fused stereocilia is striking in svmutant

hair cells (Self et al., 1999). Using light microscopy, we could

discern hair bundle defects in live, undissected mutant larvae

(Fig. 6). Many bundles did not have a stereotypical conical

shape as seen in wild-type larvae (Figs. 6A,C), and appeared

to be malformed, shorter, or thinner (Figs. 6B,D). To examine

the structural integrity of hair bundles in satellite mutants in

more detail, we labeled the actin filaments in hair bundles of

the inner ear in intact larvae using fluorescent phalloidin.

Labeling with Alexa488-phalloidin revealed a variable and

moderate degree of disorganization of the ampullary hair

bundles in satellite mutants, with occasional splitting of

stereocilia (Figs. 7A–D). As in the live images, the bundles

often appeared shorter and in some cases, thinner than wild-

type bundles. To further analyze the morphology of mutant

hair cells, we examined ultrathin sections of the inner ear

macula organ using transmission electron microscopy (TEM)

(Figs. 7E–H). In satellitemutant maculae, the morphological

defects varied (see Table 2). In some hair cells, the cuticular

plate, a dense actin meshwork under the stereociliary bundle,

was present but was often bulging out above the epithelium

(Fig. 7G). In addition, the spread of the apical surface

appeared narrower than in wild-type bundles. Most mutant

hair cells had vesicles not only at the pericuticular necklace,

which is situated between the cuticular plate and the lateral

membrane, but also within the cuticular plate itself (Figs. 7F,

G). As seen in Fig. 7H, the membrane at the apical surface

appeared to climb up the bases of the stereocilia and the

stereocilia appeared thicker in several hair cells. We exam-

ined animals at different stages (4, 5, and 8 dpf) and observed

a progressive increase in the number of hair cells with a more

severe phenotype as depicted in Figs. 7G and H (Table 2).

+ indicates normal uptake; +/� indicates severely reduced uptake.
Fig. 6. Hair bundles are abnormal in live mutant satellite fish. Shown are

hair cells from the medial cristae of the inner ear. (A, C) Wild-type hair

bundles in 5 and 7 dpf larvae. (B, D) Mutant satellite hair bundles at the

same stages. The brackets indicate the length of the tallest stereocilia.

Arrows point to abnormalities near the surface of the neuroepithelium.

Scale bar, 3 Am.
Discussion

Myosin VI has been intensively studied in the last years

in an attempt to reveal its biological function and to

understand its role in the process of hearing. Knowledge

has been acquired regarding the myosin VI backward

movement along actin filaments (Homma et al., 2001;
Nishikawa et al., 2002; Wells et al., 1999) and the role of

myosin VI in vesicle movement and vesicle formation

(reviewed in Hasson, 2003), but the function of myosin

VI in hair cells has not been fully explored. We propose

satellite as a zebrafish model for human myosin VI-associ-

ated deafness, with zebrafish Myo6b serving as an aid in

further understanding the role of myosin VI in the hair cells.

Exclusive expression patterns of the myo6 gene duplicates

We show that in zebrafish, there are two different genes

corresponding to the mammalian myosin VI gene, with

differing expression patterns. The combined expression

patterns of the two zebrafish paralogues resemble the ex-

pression pattern of mammalian myosin VI. In mice, Myo6 is

ubiquitously expressed with high levels in the brain, kidney,

and lung (Avraham et al., 1995). The expression of myosin

VI in the murine inner ear is restricted to the hair cells

(Hasson et al., 1997). In the zebrafish, myo6a is highly

expressed in the brain, kidney, and gut, whereas myo6b

expression is restricted to the hair cells and the adult eye.

Two alternative splice sites have been described for

myosin VI in vertebrates; the expression of the splice

variants varies in different tissues (Breckler et al., 2000;

Buss et al., 2001). In zebrafish, we also detected these

alternative splice sites and observe tissue-specific expres-

sion of various myo6 splice variants. A large insert between

the coiled coil and the globular domain that has been shown

to be involved in targeting of myosin VI to clathrin-coated

vesicles, exists in both zebrafish myo6a and myo6b. The



Fig. 7. Defects in the structural integrity of the apical surface in mutant satellite/myo6b hair cells. (A–D) Confocal images of ampullary hair bundles of the inner ear labeled

with Alexa488-phalloidin (6 dpf). Split bundles are detectable in tn3216 (B) and t2460 (C) larvae. (E–H) Transmission electron micrographs of hair bundles in wild-type (E)

or tn3137 (F–H) anterior (utricular) maculae (5 dpf). Defects ranged from mild accumulation of vesicles (F, white arrows; G, small arrows) to raised membrane (G, large

arrow) and fusion of stereocilia (H, large arrow). Scale bar in D indicates 2 Am in A–D; and scale bar in H indicates 500 nm in E–H.
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large insert present in myo6a shows homology to the

corresponding splice form identified in other vertebrates.

This particular splice variant of myo6a is highly expressed
Table 2

Progression of morphological defects in satellitetn3137 hair cells examined

4 dpf 5 dpf 8 dpf

Number of hair cells

Wild type 12 11 14

tn3137 17 23 16

Normal apical surface

Wild type 100% 100% 100%

tn3137 70% 73% 37%

Elevated apical membrane

Wild type 0% 0% 0%

tn3137 30% 27% 44%

Fused stereocilia

Wild type 0% 0% 0%

tn3137 0% 0% 19%
in the intestine, which is consistent with a role in clathrin-

mediated endocytosis in this tissue. In contrast, we do not

detect expression of the large insert variant of myo6b in the

ear. We also report additional splice variants that may affect

the function of the globular domain and the head domain.

Further studies may elucidate the impact of these additional

amino acid insertions on myosin VI function.

Gene duplication events are common phenomena during

evolution, especially among fish, in which a large-scale

gene duplication event occurred (Taylor et al., 2003). In

most cases, one of the duplicated pairs degenerates while the

other retains its original function; in other rare cases, the

duplicated pair gains a new function. According to the

duplication–degeneration–complementation model (Force

et al., 1999; Prince and Pickett, 2002), duplicated genes can

also ‘‘split function’’ after the duplication event such that

both genes are required to complement full function of the

ancestral gene. These events can explain the different roles
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of closely related genes in various tissues or during different

developmental stages. The two homologous myo6 genes are

highly similar and conserved among other vertebrates,

indicating that the function of the protein is conserved.

Thus, the different expression patterns suggest that the myo6

duplicated pair are functionally complementary, and as such,

provide a powerful tool for further understanding the

specialized role of myo6 in the inner ear.

Role of myo6b in zebrafish hair cells

The chromosomal location of myo6b made it an attractive

candidate for the circler gene, satellite (sai). Indeed, we

found myo6b mutations in four alleles of satellite. The

mutations in the saitn3216 and saitn3137 alleles presumably

give rise to truncated proteins containing only part of the

head domain and hence, are probably null mutations. In the

sait2460 mutant, there is a loss of an exon in the head

domain, most likely affecting the head structure and/or

function. In the saitn0111 allele, there is an addition of more

than 29 amino acid residues at the carboxy terminal end of

the protein that may affect protein stability and the function

of the tail domain.

Extracellular receptor potentials or uptake of FM1–43 is

severely reduced in satellitemutant hair cells, suggesting that

mechanotransduction is compromised. Our data suggests,

however, that myo6b is not directly involved in the transduc-

tion complex, but rather, is required for structural integrity of

the mechanosensory cells. Phenotypic analysis of hair-cell

morphology in satellitemutants revealed structural defects at

the apical surface. The hair bundles were irregular in appear-

ance and in some cases, split apart. Although not a fully

penetrant phenotype, the cuticular plate often protruded

above the epithelium with the apical plasma membrane rising

along the bases of the stereocilia. We found that the pheno-

type in satellite mutant hair cells is progressive, becoming

more severe at later stages. Disorganized bundles and raised

membrane were also observed in the hair cells of Snell’s

waltzer mice 3–7 days after birth (Self et al., 1999). An

additional phenotype seen in satellite mutant hair cells was

the accumulation of large vesicles near or within the cuticular

plate. A number of studies have implicated myosin VI in

vesicle formation or trafficking (Buss et al., 2002; Hasson,

2003). Uptake of FM1–43, which is reduced in mutant

satellite hair cells, appears to occur via endocytosis in zebra-

fish hair cells in a mechanotransduction-dependent manner

(Seiler and Nicolson, 1999). The accumulation of vesicles

and reduction of endocytosis suggests a possible defect in

vesicle trafficking. Recently, Aschenbrenner et al. (2004)

have shown that Myo6 is required for the transport of

uncoated vesicles through actin dense areas in polarized cells.

The isoform used in their study does not contain the large tail

insert (Hasson and Mooseker, 1994), and is thus homologous

to the isoform we detected in zebrafish ears. We only rarely

detected vesicles within the cuticular plate in wild-type

larvae, suggesting that the absence of myo6b function results
in an accumulation of vesicles within the cuticular plate.

Moreover, myosin VI is concentrated within the vesicle-rich

pericuticular zone surrounding the cuticular plate in hair cells

(Hasson et al., 1997), suggesting a role in endocytosis or

trafficking within this specialized region of hair cells. How-

ever, it is not clear if the accumulation of vesicles is a

secondary defect as such a phenotype is present in zebrafish

hair cells undergoing degeneration (T. Nicolson, unpublished

observations). An accumulation of vesicles in hair cells was

not noted in Snell’s waltzer mice and endocytosis did occur in

mutant hair cells, although it was not measured quantitatively

(Self et al., 1999). Raised membrane, on the other hand, is

present in both sv/sv mice and satellite zebrafish mutants.

This common defect suggests that myosin VI plays an

important role in tethering the apical membrane to the

cuticular plate. Consistent with this notion, myosin VI is

highly abundant within the cuticular plate (Hasson et al.,

1997). It is also concentrated in other polarized epithelial cells

within a similar actin meshwork, the terminal web (Hasson

and Mooseker, 1994). It has been postulated that the dimer-

ization of the coiled-coil domain of myosin VI may allow it to

play a structural role within such meshworks with the C-

terminal globular domain providing an anchor to the mem-

brane-bound proteins (Hasson and Mooseker, 1996). A

recent study suggests that myosin VI is able to switch from

being a translocator to an anchor molecule, depending on the

load applied to the motor (Altman et al., 2004). The defects

observed in satellite mutants are consistent with a model of

myosin VI serving as an anchor protein critical for stabilizing

and regulating membrane interactions with actin filaments.

Our study establishes the satellite mutant as an alternative

animal model for human hereditary deafness associated with

myosin VI. Based on the phenotype described here, we

suggest that myosin VI plays an evolutionarily conserved role

in maintaining the integrity of the apical surface of hair cells.
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