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SUMMARY

The mouseshaker-1 locus, Myo7a encodes rgosin VIIA of hair cell depolarisation despite the disorganisation of
and mutations in the orthologous gene in humans cause their bundles. In contrast, the original shaker-1 mutants,

Usher syndome type 1B or non-syndomic deafness. Myo7a", had normal early development of steeocilia

Myo7a is expgessed very early in sensory hair cell bundles, but still showed abnormal cochlearresponses.
development in the inner ea. We describe the effects of These findings suggest that yosin VIIA is required for

three mutations on cochlear hair cell d/elopment and normal stereociliabundle organisation and has aole in the

function. In the Myo7&16SB and Myo7&89 mutants, function of cochlear hair cells.

stereocilia gow and form rows of graded heights as

normal, but the bundles become pogressively moe

disorganised. Most of these mutants show nor@ss Key words:shake-1, Mouse mutant, Myosin VIIA, Cochlea, Hair

electophysiologicalresponseshut some did slow evidence  cell, Stereocilia, Hearing, Usher syndrome

INTRODUCTION The stria vascularis continues to function normally in
generating a high resting endocochlear potentiabviBrand
Very little is krown about the molecular basis of sensory hairRuben, 1969).
cell function or @velopment, partly because the small number We identified the gendfacted by the shaké mutations as
of hair cells in each inner ear makes a biochemical approa@ncoding myosin VIIA, an unewentional myosin (Gibson et
impractical. We have adopted a genetic approach to identifyingal., 1995). The same gene,YI®7A, is nvolved in Usher
molecules with &y functions in hair cells, using positional syndrome type 1B in humans, in which the congenital balance
cloning of mouse mutations &wn to lead to inner ear defects. and hearing defects are accompanied by progeesstinitis
The first gene to be identified using this approach #edtang  pigmentosa\{/eil et al., 1995Weston et al., 1996; Lévy et al.,
the sensory hair cells directly was the myosin VIIA genel997; Liu et al., 1997a), as well as in non-syndromic deafness
(Myo73 in the shakel mouse mutant (Gibson et al., 1995). (Liu et al., 1997b;Weil et al., 1997). The complete human
The shakel mouse mutant was first described in the 1920¢Chen et al., 1996Veil et al., 1996Kelley et al., 1997) and
(Lord and Gates 1929), andasis the typical shakewvaltzer mouse (Mburu et al., 1997, accession number U81453)
type belaviour often associated with inner ear defects:sequences for thisrge gene &ve been determined, and we
deafness, hyperaeity, head-tossing and circling. Defects arehave recently identified allesen available mutations at the
first seen in the inner ear neuroepithelia by light microgcop shake-1 locus (Mouru et al., 1997). Some of the mutations lead
with progresis/e degeneration of the sensory hair cells of theto premature stop codons early in the sequence, or are predicted
organ of Corti and saccule (Deol, 1956; Kikuchi and Hilding,to change highly consezd residues in functionally important
1965; Grunebg et al., 1940; Mikaelian et al., 1965; Shnersonparts of the motor head of the myosin; furthermore, at le@ast t
et al, 1983). The mutants et some be&vioural and of the mutations in the mouséyo7a gene are associated with
physiological responses to loud sounds for a short periogery low levels (less than 1% of normal) of myosin VIIA
following the onset of auditory function at around two weekgprotein, suggesting that these mutations dfectvely null
after birth (Mikaelian and Ruben, 1964; Gringpet al., 1940; mutations (Hasson et al., 1997a).
Steel and Haey, 1992; Havey, 1989). Pevious reports of the The gene igxpressed in the cochlegye, kidrey, testis and
rate of hearing loss and thegan of Corti abnormalities in the lung, although there is nobaous kidrey, testis or lung
original shakel mutantsvary, which might beexplained by  phenotype associated with myosin VIIA mutations (Gibson et
differences in genetic background betweenvir@ous studies al., 1995; Weil et al., 1995; Smith et al., 1994). Using
(eg Emmerling and Solakicz, 1990; Steel and Heay, 1992).  antibodies to the myosin VIIA protein, Hasson and colleagues
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(1995, 1997b) have localised the gene product to sensory halyo7#? mutation was detected by using the primers
cells of the inner ear and, in particular, to the stereociliaZACAACTCTAGCCGCTTTGG forward and AGTGTGCTAACA-
cuticular plate and the pericuticular necklace, a vesicle-ricRATGGCCC reverse for PCR, annealing at 57°C with 2 mMMg
zone lying between the cuticular plate and the junctionalfp"owed by restriction withAfllll, giving a 190 bp product in
complex surrounding the top of the hair cell (Hasson et allomozygous mutants and 190 bp, 99 bp and 91 bp products in
1997b; Kachar et al., 1997). We have recently shown thdiEt€rozygotes.

myosin VIIA is required for aminoglycoside accumulation inn situ hybridisation

cochlear hair cells, although it does not appear to influenc&s. |ghelled RNA probes were made by standard techniques, using T7
non-specific endocytosis at the apical surface of the hair cqllense) or SP6 (antisense) RNA polymerase to transcribe from the
(Richardson et al. 1997). plasmid template. The template was a myosin VIIA clone in pCRII
Little is known about the function of unconventional (Invitrogen) covering bases 1 to 1350 of the gene, corresponding to the
myosins such as myosin VIIA, although several have beemotor head of the myosin molecule. A total of 26 CBA/Ca mice were
implicated in vesicle transport in diverse cell types (eg Mermaised at daily intervals from 14.5 d.p.c. to 19.5 d.p.c. plus newborn, 3
et al., 1994: Durrbach et al., 1996: Hill et al., 1996: Govindarsiays and 6 days after birth, together with 8 BALBc mice ranging from

et al., 1995; Geli and Riezman, 1996; Mochida et al., 1994}’ ‘fjpc t% g ddays dafterb zi(;thd Specir?rens weredfixed Iin 4%
: . . ! ’ - ! . paraformaldehyde and embedded in paraffin wax, and serial sections
The role of myosin VIIA in sensory hair cell function 'S[{tl}éough the entire inner ear were cut 8. Every tenth section (or

unknown, so we hgve exploited the shaker-1 mouse mutants re) was used to hybridise with the labelled sense strand as a control
perform a detailed study of the ultrastructural ancko, non-specific hybridisation, while the rest were hybridised with
electrophysiological development of cochlear hair cells. Weapelled antisense strand overnight at 55°C, essentially as described
have focussed on three of the mutations which are welbefore (Wilkinson et al., 1987; Steel et al., 1992).

characterised and affect different parts of thenfsl of the gene ) .

encoding the motor head of the molecule. Our findings sugge$£anning electron microscopy

that myosin VIIA not only has a role in hair cell function, butA total of 43 Myo7é&? homozygotes and 36 littermate control
also is essential for organising the developing Stereoci“%eterozygotes were examined at 16.5 d.p.c., 18 d.p.c., newborn, 3

; . . ays, 12 days, 15 days and 20 days after birth. Fromilyo&16SB
bundle (hair bundle) within the top of the hair cell stock, 5 homozygotes and 8 heterozygote controls were studied at 3

and 12 days of age, and from thgo7&! stock, 5 mutants and 8
littermate controls were studied at 3 and 15 days old. Inner ears were

MATERIALS AND METHODS dissected under 2.5% glutaraldehyde, 0.25% tannic acid, pH 7.2, and
) fixed for 5 hours at 4°C. The osmium tetroxide-thiocarbohydrazide
Mice (OTOTO) procedure adapted from Hunter-Duvar (1978) was used to

The original spontaneous shakeMyp7#h%) mutation was obtained stain prior to dehydrating and critical-point drying. Specimens were
from Harwell, UK, in the mid-1980s, backcrossed several times to theputter coated with gold and examined in a Jeol 6400 Winsem at 20
CBA/Ca inbred strain and is now maintained as a closed colonkV.

Myo7&Jwas also a spontaneous mutation, occurring in the C57BL/6J o )

strain and was kindly provided by Dr Wayne Frankel, The Jacksomransmission electron microscopy

Laboratory, ME, on a mixed 25% BALBc, 75% C57BL/6J A total of 56 control hair cells and 82 mutant hair cells were examined
background (Letts et al., 1994). TMyo716SBallele was derived at 18 d.p.c., newborn, 3 and 4 days after birth fromvipe7e? and

from an ENU mutagenesis programme; the mutation was originalliMyo7z816SBstocks. Cochleas were fixed in 2.5% glutaraldehyde, 1%
induced in a BALBc mouse, which was then repeatedly crossed to tip@raformaldehyde, 0.25% tannic acid, 1% sucrose, pH 7.2 for 5 hours
BS inbred strain used at Oak Ridge National Laboratories, TN, angt 4°C, postfixed in 1% osmium tetroxide, dehydrated, stained en bloc
the stock was kindly provided by Dr Gene Rinchik (Rinchik et al.,with 1% phosphotungstic acid and 1% uranyl acetate, and embedded
1990). Mice were normally generated by heterozygote-toin Araldite epoxy resin. Sections were stained with uranyl acetate and
homozygote matings to give segregating litters that includedead citrate and examined in a Jeol 1010 electron microscope at 80
heterozygotes used as littermate controls. Timed pregnancies wef¥.

used to generate prenatal stages, with the morning of the plug counted .

as 0.5 days post coitum (d.p.c.) for overnight matings, and the day Ef€ctrophysiology

birth was 0 days. All mice were kept in full accordance with UK HomeHomozygous mutants and their littermate controls were anaesthetised

Office regulations. with urethane, the middle ear was opened to expose the cochlea and
) a silver wire electrode was placed on the round window to record
Genotyping evoked cochlear potentials, as previously described (eg Steel and

Mice aged 12 days or older were classified as homozygous mutant 8mith, 1992). The following mice were studiddiyo7816SBstock, 13
heterozygous control on the basis of the abnormal behaviour of thautants at 12, 15 and 20 days dWtio7&7 stock, 11 mutants at 12,
mutants. Mice younger than this were genotyped as follows. For thk and 20 days oldllyo7z" stock, 9 mutants at 15 and 20 days old,
original Myo7&h! mutation, the primers CTGACAACCAGGAAG- all with the same number of littermate controls.

CACTG forward and ATCGATGAGGGAGATGACG reverse were

used for PCR across the mutation, annealing at 51°C with 1 mM

Mg?*, followed by anMsp digest to give a 65 bp product in RESULTS

homozygote mutants, and 65 bp, 37 bp and 28 bp products in

heterozygous littermates. For tiMyo7&16SBmutation, the primers ; ; ; ;
CAGGGCCTCCATCCCAGTAG forward and CGGATGCGGAT- gﬂg(?;g'p\gleﬁt's expressed very early in hair cell

CGTCTCCATC reverse were used for PCR across the mutation . . .
annealing at 49°C with 4 mM Mg, followed by anAlul digestion to We have looked at expression of the myosin VIIA gene during
give 86 bp and 38 bp products in the homozygote mutants and 86 Hpprmal development by in situ hybridisation using a clone of
55 bp, 38 bp and 31 bp products in the heterozygote controls. Thbe gene covering part of the head domain that has previously
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been shown by northern analysis to be specific for this gerexcept by their position in relation to the greater and lesser
(Gibson et al., 1995). Myosin VIIA was strongly expressed irepithelial ridges, and there were no obvious differences
sensory epithelia of the vestibular system (the saccular admbtween mutants and controls (not shown).

utricular maculae and the three cristae) from the earliest stageln normal littermate controls, there was a dramatic
we studied, 14.5 d.p.c. (data not shown). This is at about theaturation of stereocilia bundles developing from a uniform
time that sensory hair cells can be distinguished histologicallgovering of microvilli. By 18 d.p.c., hair cells could be clearly
(Mbiene et al., 1984). The labelling was located in the uppetistinguished by the regular array of microvilli, some of which
layer of the epithelia, suggesting it was restricted to developingn the lateral side of each hair cell were elongating to form a
sensory hair cells. In the cochlea, the first labelling was seafishaped array with a kinocilium at the pole and a flexible
in the organ of Corti of the basal turn of the cochlear duct appearance (Fig. 2A). 2 days later, in the newborn mouse, the
16.5 d.p.c. and, by 17.5 d.p.c., it was seen throughout thallest microvilli were arranged in more ordered rows of graded
cochlea including the apex. This base-to-apex gradient iheights, and appeared straighter, taller and more rigid than
expression of myosin VIIA correlates with and pre-dates manpreviously (not shown). By 3 days after birth, the stereocilia
other features of organ of Corti development which proceed ibundle is located in the centre of the hair cell top, with a
a base-to-apex direction (e.g. Rubel, 1978). Within the orgakinocilium and a patch of microvillus-free membrane on the
of Corti, the labelling appears to be localised to the region dateral side and remaining microvilli on the inner (modiolar)
the one row of inner hair cells and three rows of outer hair cellside (Fig. 2C). In the basal turn, which is more advanced in
(Fig. 1), and no labelling above background levels was foundevelopment, there are fewer of these microvilli, and they
in the developing supporting cells or the cochlear neurongppear to be resorbed progressively over the next few days until
Myosin VIIA thus is expressed in cochlear hair cells a full daythere are only stereocilia and no microvilli remaining by
before we can detect the first signs of development of thearound 12 days after birth (Fig. 2E shows a mature stereocilia
characteristic ultrastructural features in mice of the same stockundle). The kinocilium also regresses and disappears during
suggesting that it may serve as a useful early marker for hainis same period.

cell differentiation. In the Myo7&7 mutants, the first signs of abnormalities can
) be detected as early as 18 d.p.c., when some of the growing
Mutants studied microvilli show an irregular arrangement (Fig. 2B).

We describe three shaker-1 mouse mutants here, witturthermore, the kinocilium is often eccentric in position,
mutations affecting different parts of the motor head domaimisplaced from its normal regular position at the lateral pole
of the myosin VIIA molecule (Gibson et al., 1995, see Mburwf each hair cell, and is often difficult to identify (Fig. 2B). By
et al., 1997 for detailed description of the mutations). Th& days after birth, the formation of the stereocilia rows is very
original shaker-1Nlyo7&") mutation is an arginine-to-proline disordered with several small clumps of stereocilia appearing
missense mutation, located in a surface loop that has am the tops of some hair cells (Fig. 2D). As in normal mice,
relatively unconserved amino acid sequence. Wh7#7 the basal turn develops ahead of the apical turn, and the
mutation is also an arginine to proline missense mutation, bdisruption in development is thus more clearly seen in the base
at a highly conserved position in the core of the motor domairin the mutants. The disruption of the stereocilia rows and the
where it is expected to interact with a number of surroundingrratic position of the kinocilium is more clearly seen in the
residues; this mutation is thus predicted to have a serious effemiter hair cells, but is also present in the inner hair cells. The
on protein stability and function. The third
mutation examined here is th#lyo7a816SE
mutation that changes a splice acceptor
sequence, leading to skipping of a 30-base
and predicted deletion of ten amino acids fron
core of the myosin head, close to the prop
hinge domain. Such a deletion would be expe
to have a severe effect on protein structure
function. TheMyo7&J andMyo7a816SBmutations
appear to affect protein stability, because mF
levels are normal but myosin VIIA levels
reduced to 21% and 6% of normal, respecti
(Hasson et al., 1997a). The phenotypic effec
these two mutations may be partly due to prc
instability in addition to abnormal function of i
remaining myosin VIIA molecules.

Stereocilia bundles develop abnormally Fig. 1. In sity hybridisation showing myosin VIIA mRNA.distribution in the normal
in two of the shaker-1 mutants dev_eloplng inner ear. Organ of Cort_l at 19.5d.p.c. W|t_h increased labelling (t_)l:_:lck

. grains) over inner hair cell (on the right) and outer hair cells (left). Although it is
We examined the development of the U}  ifficult to distinguish individual cells after processing for in situ hybridisation, the
surface of cochlear hair cells by scanning elec  characteristic shape and staining pattern of the developing organ of Corti and the
microscopy from 16.5 d.p.c. to 20 days after b presence of the tunnel (a white triangle separating the inner and outer hair cells) are
At 16.5 d.p.c. in our stocks, hair cells canno  good indicators of the location of the hair cells. There is only background labelling
distinguished from surrounding supporting ¢ elsewhere in the cochlear duct. Scale bar represents 20
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stereocilia become more disorganised over the next few dayal] hair cells examined showed a significant condensation of
with many of them disappearing, possibly by falling off cuticular plate material, which looked essentially mature
because stumps are often seen, until by 20 days after birth théFég. 6B). There were regions of vesiculation forming a
are very few remaining (Fig. 2F). network around the periphery of the cuticular plate (the

In the Myo7&16SB mutants at 3 days old, a similar pericuticular necklace) and the area immediately around the
disorganisation was seen asMyo7&7, but the abnormalities insertion point of the kinocilium was also filled with many
were more extreme, with more hair cells showing several smalkesicles. Densely stained rootlets were seen extending from
clumps of stereocilia and fewer hair cells having a single clumfhe core of the stereocilia into the cuticular plate by birth, and
(Fig. 3). The clumps of stereocilia each contained rows dfhe cylindrical shape of each stereocilium narrowed towards
graded heights, but the orientation of these rows was erratithe insertion point, forming the ankle (Fig. 6B). Condensation
and there were often clumps oriented in
opposite directions on a single hair cell.

In both these mutants, the stereor
appear to have grown to their normal len
and proportions, and have formed rows
graded heights as they normally wol
However, the stereocilia do not appear t
positioned correctly within the top of the h
cell.

In bothMyo7&J andMyo7a16SBmutants
at later stages, hair cells have deterior
with many being lost or showing signs
degeneration. However, a few hair cells
remain at the stages used
electrophysiology (12, 15 and 20 days),
some of the best-preserved hair cells
shown in Fig. 4 to allow correlation with t
physiological recordings.

Stereocilia bundles in the original
shaker-1 mutant show only minor
anomalies

In contrast to the clear stereocilia bur
defects seen in thdyo7#? andMyo7e16SE
mutants, in the originaMyo7&h! mutants
the stereocilia bundles look reasone
normal at 3 d.p.c. (Fig. 5). No grc
disorganisation of the hair cells can be ¢
by scanning electron microscopy at 3 ot
days after birth, although many of the ol
hair cells at 15 days had only two rows
stereocilia instead of the usual three r

(Fig. 4).

Hair cell ultrastructure in shaker-1
mutants

We examined the hair cells of the two
severely affected mutantdylyo7&8? and
Myo7&816SB. py transmission electrc
microscopy, focussing particularly on 1
cuticular plate, into which the stereoc
become anchored as they mature, anc
synaptic regions. The cuticular plate
18 d.p.c. was loosely organised, be
represented by a clearing of intracellt

organelles in some less-developed ¢  Fig 2 Scanning electron micrographs of the surface of the organ of Cgiae?

(e.g. apical turn hair cells) while, in mo  homozygotes (B,D,F) and littermate controls (A,C,E), showing widespread

developed hair cells, the cytoskeletal me  disorganisation of stereocilia bundles in the mutants. (A,B) 18 d.p.c.; (C,D) 3 days after
comprising the cuticular plate w  birth; (E,F) 20 days after birth. (A-D) Same magnification, scale bar at bottom of D
beginning to condense (Fig. 6A). By bir  represents fim. (E,F) Same magnification, scale bar at bottom of E represgnts 5
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Fig. 3. Scanning electron micrographs of the organ of
Corti of aMyo7&816SBhomozygous mutant at 3 days @
after birth, showing outer hair cells with extensive
disruption of the stereocilia bundles. Scale bar
represents fim.

of the cuticular plate and formation of rootlets between 1&air cells, including areas interspersed between patches of
d.p.c. and birth must presumably play a role in anchoring theuticular plate, which was never seen in controls (Fig. 6D).
stereocilia. Furthermore, in some regions, stereocilia could be seen inserting
In the mutants, there were no obvious abnormalities in the firiato these vesiculated regions (Fig. 6C) in contrast to controls,
structure of the cuticular plate material and it condensed over tlie which all stereocilia inserted into cuticular plate. Irregular
same period as in controls (Fig. 6A,B). Stereocilia structurdyulges in the cuticular plate were often observed in mutants and,
including rootlets and ankles, also developed normally in thas seen by scanning electron microscopy, the kinocilium could
mutants (Fig. 6C). However, there were more extensive areasloé mislocated amongst the stereocilia.
vesicle-rich cytoplasm beneath the upper surface of the mutantRibbon-type synaptic vesicle arrays were seen in both

Fig. 4. Scanning electron micrographs of inner (left
column) and outer (right column) hair cells from controls!
at 15days (A,B)Myo7&himutants at 15days (C,D),
Myo7&J mutants at 15 days (E,F), aNyo716SB
mutants at 12 days (G,H). These cells are chosen to
illustrate the best-preserved hair cells found at the ages
used for electrophysiology, as these are the cells that ar
most likely to be giving any response seen, and many
hair cells elsewhere in the cochlear duct are in later

theMyo7&@hhair cells, such as the predominance of
outer hair cells with only two rows of stereocilia instead
of the more usual three (compare D with B). Both outer
and inner hair cells are abnormal in Mgo7&7 and
Myo7a16SBmutants (E-H). The kinocilium (arrow) is
misplaced in botiMyo72816SBinner hair cells shown,
being on the side of the left hair cell and on the modiola
rather than lateral pole in the right hair cell (G). Note
some tip links present on the left side of A. In all
micrographs, lateral pole is at the top, and scale bar
shown in H representsisn.



562 T. Self and others

Fig. 5. Scanning electron micrographs of the inner |
hair cells ofMyo7&"homozygous mutant (B,D)
and a littermate control (A,C) at 3 days after birth,
showing no sign of gross abnormalities in
stereocilia bundle organisation in the mutant. Scal&®.
bar in A represents Jm, in D 5um.

mutants and controls, inner and outer hair cells, with neesponse to sound stimuli, but two of the mutants aged 20 days

obvious differences between the genotypes (Fig. 7). did show some response. These two mice gave an SP response,
o but only at very high intensities and only to a restricted range
Cochlear dysfunction in shaker-1 mutants of frequencies (Fig. 8B). The responses are genuine SP

Cochlear function was assessed using a recording electrode m@sponses despite the high thresholds because the waveforms
the round window, a well-established method for assessingre very similar in shape, size and latency to waveforms close
cochlear activity giving response thresholds close to those ¢6 threshold in control mice and, furthermore, they could be
single units (Johnstone et al., 1979). We looked at thremeasured repeatedly. These were the only responses that could
responses, representing activity of different elements of thiee detected in these mutants.
cochlea. Compound action potentials (CAP) consist of one or The original shaker-1 mutantilyo7&"., shows more
two sharp negative deflections at the start of the tonebursxtensive responses than the other two alleles. The mutants
representing synchronous firing of many cochlear neuronshowed CM responses with thresholds only slightly higher than
Summating potentials (SP) are d.c. shifts in the waveforrm controls, indicating that outer hair cells can function at these
sustained for the duration of the toneburst stimulus andges (Fig. 8A). Myo7&"! homozygotes also show SP
represent the gross counterpart of intracellular d.c. responsessponses, albeit at raised thresholds compared with littermate
of sensory hair cells in the cochlea (eg Dallos et al., 197Zontrols (Fig. 8B), suggesting some sensory hair cells
Dallos, 1986; Harvey and Steel, 1992). Cochlear microphoniagepolarise in response to sound stimulation. Finally, in this
(CM) are an a.c. response with a frequency identical to that skries, no CAP responses could be detected, although we have
the stimulus and CM measured from the round window ipreviously recorded severely abnormal CAPs in some but not
thought to be primarily generated by the basal turn outer ha#ll mutants (Harvey, 1989; Steel and Harvey, 1992).
cells (e.g. Patuzzi et al., 1989, Dallos and Cheatham, 1976). In
normal mice, CM and SP responses can be recorded from
around 8-9 days using this approach but CAP responses da¢SCUSSION
only detected from 11-12 days and responses gradually mature
over the following few days (e.g. Harvey, 1989). We looked aWe found a good correlation between the ultrastructure,
mice during this period of maturation at 12, 15 and 20 days, fehysiological responses and the nature of the mutation in the
ensure that we did not miss any time window of activity. ~ three alleles of myosin VIIA studied here. Thiyo7z16SB
The three different mutants showed different responses toutation results in a 10-amino-acid deletion in the core of the
sounds. Homozygotes for tihdyo7:16SBallele gave no CM, motor head of the myosin molecule (Gibson et al., 1995;
CAP or SP responses at all at any of the ages studied (12, Mburu et al., 1997) and leads to the most severe disruption of
and 20 days after birth) up to the maximum sound intensitiedevelopment of stereocilia bundles seen among the mutants
used (100 dB SPL for CM; up to 130 dB SPL depending oand a complete absence of stimulus-related cochlear potentials.
frequency for CAP and SP). The Myo7&7 mutation is a missense mutation also within the
Of the eleverMyo7&7 mutants examined, most showed nocore of the myosin VIIA head associated with abnormal
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stereocilia bundle development and little or no cochlearole as an anchor molecule and immature hair cells in the frog
responses. In contrast, thdyo7"1 mutation is a missense saccule show particularly strong labelling for myosin VIIA.
mutation located in a poorly conserved surface loop of th&here is abundant actin within the mature cuticular plate (eg
myosin head and this change is associated with the mildest D& Rosier and Tilney, 1989), which could interact with myosin
the pathological effects seen among the three mutants studiedanchoring the rootlets of stereocilia. If myosin VIIA does
here: stereocilia appear to develop nearly normally and ha@ct as an anchor, it seems unlikely to be the only molecule
cells can generate CM and SP responses (albeit at raisedolved because a greater amount of stereocilia
thresholds). disorganisation might be expected if there was no effective
Myosin VIIA clearly has a role in the development of anchor.
stereocilia bundles. Stereocilia develop from the microvilli that An alternative explanation for the disrupted stereocilia array
cover the upper surface of the hair cell at early stages (16i% that myosin VIIA is required for cohesion of the cuticular
d.p.c.), with lateral microvilli in a crescent-shaped arrayplate, such that in the two most severely affected mutants, the
growing taller while microvilli on the modiolar (inner) side of cuticular plate does not form a single coherent mass but is
the hair cell regress as the cell matures (Tilney et al., 1986terrupted by areas of vesicle-rich cytoplasm. This in turn
1988, 1992; Kaltenbach et al., 1994). Myosin VIIA does noimight allow movement of the pieces of cuticular plate with
seem to be required for the
initial establishment of th
lateral-modiolar polarity ¢
hair cells because tt
polarisation is clearly visib
in theMyo7& mutants at 1
d.p.c. despite early signs
disorganisation (Fig. 2B
Myosin VIIA also does nc
seem to be required for t
ultrastructural maturation

stereocilia from th
microvilli, which are thei
precursors, and tl

stereocilia in the mutar
show apparently norm
elongation to form rows «
graded heights. Howev:
myosin VIIA is required
either directly or indirectl
for maintaining the norm.
arrangement of tr
stereocilia in an ordered
shaped array at the top of
hair cell, because in tl
Myo7#? and Myo7&16SE
mutants, the stereocilia fol
small clusters arranged
diverse patterns al
orientations within the tc
of the hair cell. (See later
discussion oMyo7anL)
There are several possi
explanations for th
progressive disorganisati
of the bundle. Firsth
myosin VIIA may be actin
as an anchor for ti
stereocilia during ear

Fig. 6. Transmission electron micrographs of hair cells at (A) 18 d.p.c., (B-D) newborn. (A) The developing
cuticular plate from an inner hair cell fromMyo7#? mutant, in which cuticular plate condensation is
indistinguishable from that in controls. (B) Control inner hair cell cuticular plate 2 days later, at birth, shows
extensive condensation of the matrix, and the vesicle-rich area close to the insertion of the kinocilium is

development. Myosin VIl
has been reported to

present in the cuticul
plates of hair cells in tt
adult (Hasson et al., 19¢
1997b), which  woul
support the suggestion o

shown (to the right in this view, arrow and inset). KG)o716SBmutant outer hair cell at birth, showing

insertion of stereocilia rootlets into a vesicle-rich area. Rootlet and ankle formation seen here are essentially
the same as in controls, but rootlets always insert into cuticular plate in contrdiéydD#16SBmutant

outer hair cell at birth, showing an interspersed vesicle-rich area (arrow and inset). The orientation of the
section is mid-modiolar, and the position of the kinocilium inserting into a vesicle-rich area would normally
be to the left of the view. The location of a vesicle-rich area between two patches of stereocilia in this view is
abnormal. Scale bar A,B,D (marked on A) represemptsi1Scale bar on C represents 500 nm.



564 T. Self and others

-

Fig. 7.(A) Synaptic vesicles arranged in a typical ribbon formation
(arrow) at the base of a control outer hair cell at 3 days after birth.
(B) Synaptic vesicles of Blyo7&J mutant inner hair cell look
normal (arrow). Scale bar represents 500 nm.

attached stereocilia within the top of the hair cell. However, i’

seems just as likely that the abnormal presence of vesiculat
regions within the cuticular plate is secondary to abnorme
distribution of stereocilia, rather than being the cause ¢
stereocilia disorganisation.

We were able to rule out a third possible explanation for th
disorganisation: a delay in condensation of the cuticular plat
in mutants, allowing a prolonged period of stereocilia mobility
within the top of the hair cell. Our sections of hair cells during
the period of condensation showed no such delay in mutant

A fourth possible explanation for the abnormal organisatiol
of stereocilia in the two mutants is that the kinocilium is
primarily affected by the mutations and that this interferes witl

Fig. 8.Physiological responses of the cochlea. (A) Cochlear
microphonic thresholds for ai®/ response ts.e.m. at a range of
frequencies in controls (dashed lines) &7 homozygotes at

15 and 20 days. Solid line at top represents maximum output of sound

used, andMyo7#? andMyo7165Bhomozygotes gave no CM
responses up to this level. Thresholds follye7&h mutants are
slightly higher than for the controls, and control thresholds improve
between 15 and 20 days. CM amplitude was also analysed (not
shown). Linear input/output functions are obtained from both
genotypes, and the mean CM amplitude for the controls was slightly
higher than for the mutants. CM responses at 3, 6, 12 and 18 kHz we
analysed by analysis of variance for repeated measures: the test of
between-subject effects showed no effect of age at any frequency (eg
kHz: f=0.39, df=15,1P=0.544) and no significant effect of genotype

at 12 and 18 kHz (12 kHz f=1.30, df=15250.272; 18 kHz f=2.96,
df=15,1,P=0.106), but a significant effect at the 5% level of genotype
for 3 and 6 kHz stimuli (3 kHz: f=6.77, df=15R50.020; 6 kHz:

f=5.69, df=1,P=0.031). Thus, there were significantly smaller CM
amplitudes in the mutants at low frequencies but no significant
differences at higher frequencies. (B) Thresholds (+s.e.m.) for visual
detection of a summating potential response iMpe7 " mutants

and littermate controls. Control thresholds improve from 15 to 20 day:
after birth, showing continuing maturation of the responses, but mutau
thresholds deteriorate further during this time. Solid line at top
represents the maximum sound intensity used, andiyalf £8165Band
mostMyo7&J homozygotes gave no SP response up to this level. Twc
Myo7# mutants did give a clear SP response, but only at 18 or 24
kHz and with very raised thresholds; these are shown by the black
triangles. (C) Compound action potential response thresholds +s.e.m
in the control group. Thresholds improve between 15 and 20 days. N«
CAP responses were seen in any of the homozygote mutants studiec
here at any age, up to the maximum intensities used shown in B.

a putative role of the kinocilium in organising the stereocilia
array (eg Sobkowicz et al., 1995; Kelley et al., 1992). A
primary cilium defect has been proposed as an explanation for
the link between retinal defects, vestibular dysfunction and
hearing impairment in Usher syndrome, and ultrastructural
defects have been observed in the photoreceptor cilia of three
individuals with Usher syndrome type 2 (Barrong et al., 1992;
Hunter et al., 1986; Berson and Adamian, 1992). In the
Myo7&? and Myo7&#16SB mutants, in cells where the
kinocilium could be clearly identified it was often some
distance from its normal location (eg Fig. 4G), and there was
no obvious relationship between the position of the kinocilium
and the arrangement of the stereocilia. Thus, the observations
in these two severely affected mutants suggest that, either the
kinocilium is not involved in organising the stereocilia bundle

in normal mice, or the kinocilium requires functional myosin
VIIA to control stereocilia bundle organisation.
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Apical membrane turnover in the hair cell may play a rolebeen observed in presumed regenerating hair cells in the chick
in normal positioning of stereocilia, so a fifth possibleinner ear following damage (e.g. Cousillas and Rebillard,
explanation for the observed stereocilia disorganisation is tha®88; Hashino et al., 1991; Duckert and Rubel, 1993),
this process requires myosin VIIA. However, in a separaténdicating that the molecular or mechanical processes that lead
study (Richardson et al., 1997), we show that cationic ferritino ordered development of the bundle in normal development
uptake by hair cells dflyo7? mutants is normal, suggesting are not always properly co-ordinated in regeneration and
that non-specific apical hair cell endocytosis is probablynyosin VIIA may be involved in this process.
normal, arguing against this explanation for the stereocilia
disorganisation. We thank Angela Pearce for help with the in situ hybridisation,

Finally, Hasson et al. (1997b) suggested that myosin VIIAPavid Marshall for the statistical analysis, Gene Rinchik and Wayne
may be involved in crosslinks between the shafts of adjacefif2nkel for access to the nshaker-Imutations, Guy Richardson for
stereocilia. Abnormal crosslinks resulting from defectivema:]lny L;fsef‘“ O!'S?“SSAOT‘SH a}”? l'a” Russell, Ed Rubel, 5%“9 Cotanche
myosin VIIA might lead to a lack of cohesion of stereociliazﬂd ‘I]Deef;%rr\]’vm or their helpful suggestions. Supported by MRC, EU

e X . g Deafness.
within the bundle and consequent disruption of the bundle
(Myo7&? and Myo7a8816S or excessive resorption of
stereocilia that are not firmly Iinkeq to the rest of the StereOCi"?{EFERENCES
bundle Myo7&h). It would be interesting to know the
ultrastructural localisation of myosin VIIA  during garrong, s. D., Chaitin, M. H., Fliesler, S. J., Possin, D. E., Jacobson, S.
development of stereocilia to assess this and the other possibl&. and Milam, A. H. (1992). Ultrastructure of connecting cilia in different
explanations for the derangements observed. forms of retinitis pigmentosarch. Ophthalmol110,706-710.

The observations on the original shaker-1 mutationl?erson, E.L. and_ Adamian, M.(l’992). Ultrastructural findings in an autopsy
Myo7&hL were particularly interesting because they suggest %esf;g? a patient with Usher's syndrome typeith. J. Ophthalmoll 14,
that myosin VIIA may have a role in hair cell function in grown, P. G. and Ruben, R. J(1969). The endocochlear potential in the
addition to its role in stereocilia bundle development. The shaker-1 (sh-1/sh-1) mouskcta Otolaryng68, 14-20.
mutant myosin VIIA molecule in these mutants appears to havehen, Z-Y., Hasson, T., Kelley, P. M., Schwender, B. J., Schwartz, M. F,
sufficient activity to support normal early development of the Ramakrishnan, M., Kimberling, W. J., Mooseker, M. S., and Corey, D.

. . . P.(1996). Molecular cloning and domain structure of human myosin-Vlla,
stereocilia bundles, although there are some m!nor anomahe%he gene product defective in Usher Syndrome@&omics36, 440-448.
seen at 15 days. Outer hair cells seem to function moderatetyusillas, H. and Rebillard, G.(1988). Morphological transformation of hair
well judging by the nearly normal CM recorded in these cellsin the chick basilar papilla following an acoustic overstimulakiear.
mutants, despite many outer hair cells having only two rows of Res.32, 117-122.

o ; llos, P. (1986). Neurobiology of cochlear inner and outer hair cells:
stereocilia instead of the more usual three. However, the ra|qumrace”ular recordingsHear. Res22, 185-198,

thresholds for SP responses and QFOSSW abnorma_‘l CAB2llos, P. and Cheatham, M. A(1976). Production of cochlear potentials by
responses suggest that hair cells require normal myosin VIIAinner and outer hair celld. Acoust. Soc. A6, 510-512.

activity for normal function, and that the missense mutation opallos, P., Schoeny, Z. G. and Cheatham, M. £1972). Cochlear summating
the Myo7ahallele interferes with this role. The nature of this _ Potentials: descriptive aspecteta Otolaryngol. SuppB02, 1-46.

. . . . . eRosier, D. J. and Tilney, L. G(1989). The structure of the cuticular plate,
requirement is not known. The simplest explanation is that an in vivo actin geld. Cell Biol. 109, 2853-2867.

myosin VIIA may be requ_ired for normal transduction, an(_j th&eol, M. S.(1956). The anatomy and development of the mutants pirouette,
same process affected in the mMiyo7#"! mutant, be it shaker-1 and waltzer in the mouBgoc. Roy. Soc. Lond. B45, 206-213.
stereocilia anchoring, stereocilia crosslinking, cuticular plat@uckert, L. G. and Rubel, E. W. (1993). Morphological correlates of

cohesion or some other process is severely affected in the twcgmctional recovery in the chicken inner ear after gentamycin treattent.
! omp. Neurol331, 75-96.

more eXt_reme alleles giving I‘Ise. _to mUCh earlier signs oBurrbach, A., Collins, K., Matsudaira, P., Louvard, D. and Coudrier, E.

abnormality in the form of stereocilia disarray. (1996). Brush border myosin-I truncated in the motor domain impairs the
The progressive hearing loss observed in hgo7&ht distribution and the function of endocytic compartments in an hepatoma cell

mutants suggests that some MYO7A mutations in humans magwrr‘férﬁ;oc- “N/Iat'F-{ A;ﬁg- ggit;klgvsv?fz' 7353'\'/'705390) Acetvicholinesterase

.be InYOIVed with hearing impairments less severe than that S(.:" ositivegi’nnérva.tion in cochleas f,rorr.] Mo straiﬁs of s>r/1aker—1 rilear.

in typical Usher syndrome type 1B and may lead to progressiveges 47 25-3s.
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is particularly interesting, given the gross disorder of theipibsc,’”'l':k* V\\/’\f"ssh* J-I' '&"bgr“* g-évare'a'sAE-)' B’i‘ggé KAA-' Ar\‘}ﬂ”iov M.,
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bund|es are S.t'mUIated (Richardson et a!'_' 1997). Harvey, D. (1989). Structural and fun.ctionél de\}eloprﬁent of the coc;hlea in
Finally, a disrupted pattern of stereocilia bundles has beennormal (CBA/Ca) and hearing impaired shaker-1 (sh-1/sh-1) mice. PhD

described in one other mutant to date, the Jackson sljgker ( thesis, University of Nottingham, UK.

mutant (Kitamura et al., 1991a,b, 1992). Tgene product Harvey, D. and Steel, K. P(1992). The development and interpretation of the

; : o summating potential responséear. Res61, 137-146.
may be involved in the same process of stereocilia bund ashino, E.. Tanaka, Y. and Sokabe, M(1991). Hair cell damage and
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