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Two types of Usher syndrome, a blindness–deafness disorder,
result from mutations in the myosin VIIa gene. As for most other
unconventional myosins, little is known about the function or
functions of myosin VIIa. Here, we studied the photoreceptor
cells of mice with mutant myosin VIIa by electron immunomi-
croscopy and microscopic autoradiography. We found evi-
dence that myosin VIIa functions in the connecting cilium of
each photoreceptor cell and participates in the transport of

opsin through this structure. These findings provide the first
direct evidence that opsin travels along the connecting cilium
en route to the outer segment. They demonstrate that a myosin
may function in a cilium and suggest that abnormal opsin
transport might contribute to blindness in Usher syndrome.
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Myosin VIIa is a large putative actin-based mechanoenzyme
(Hasson et al., 1995; Chen et al., 1996; Weil et al., 1996). It is
present in a variety of tissues (Hasson et al., 1995) where it is a
common component of cilia and actin-rich microvilli (Wolfrum et
al., 1998). However, its most critical roles appear to be in the
retina and inner ear. Mutations in the myosin VIIa gene are the
cause of the combined blindness and deafness found in Usher
syndrome type 1B (Weil et al., 1995) and an atypical form of
Usher syndrome (Liu et al., 1998b). Within the retina, myosin
VIIa has been immunolocalized in the apical processes of the
retinal pigment epithelium (RPE) (Hasson et al., 1995; El-
Amraoui et al., 1996; Liu et al., 1997a), where it is required for
correct positioning of melanosomes (Liu et al., 1998a). Recently,
it has also been immunodetected in the connecting cilium of the
photoreceptor cells (Liu et al., 1997a); i.e., the physical link
between the inner and outer segments of each cell (Fig. 1a).

The renewal of the phototransductive disk membranes in the
outer segments is a major cellular process in the retina. From
published data on disk renewal rate (Guerin et al., 1993), opsin
concentration in the disk membranes (Corless et al., 1976), and
the number of photoreceptor cells in a retina (Curcio et al., 1990),
it follows that each human eye synthesizes de novo some 10 billion
opsin molecules per second. The opsin molecules and other
phototransductive proteins are synthesized in the proximal re-
gion of the inner segment (Young, 1967). They are transported to

the distal inner segment (Papermaster et al., 1985), and, from
there, they are transported to the outer segment. Little is known
about these transport processes, even to the extent that it has
been a long-standing mystery as to which route opsin takes as it
travels from the inner to the outer segment (Besharse and Horst,
1990). The localization of myosin VIIa in the connecting cilium
suggests that this putative molecular motor might be involved in
transporting opsin and other phototransduction proteins through
this structure on their way to the outer segment.

To explore this possibility, we examined the photoreceptor
cells of shaker1 mice, which have known mutations in myosin
VIIa (Gibson et al., 1995; Mburu et al., 1997). The phenotype of
shaker1 photoreceptors corroborates the immunolocalization
data that myosin VIIa does function in the connecting cilium.
Furthermore, it indicates that myosin VIIa participates in the
transport of opsin through this structure.

MATERIALS AND METHODS
Animals. Mice were bred from homozygous 3 heterozygous or heterozy-
gous 3 heterozygous parents and maintained on a 12 hr light /dark cycle,
with exposure to 10–50 lux of fluorescent lighting during the light phase.
They were treated according to National Institutes of Health and Uni-
versity of California at San Diego (UCSD) animal care guidelines and in
full compliance with the British Home Office regulations. Ages of the
mice ranged from 1 to 8 months. The Myo7ash1 mice were purchased from
The Jackson Laboratory (Bar Harbor, ME; stock number JR0271).
Mutant Myo7ash1 mice had the same chinchilla pigmentation as their
controls. The Myo7a4494SB and Myo7a4626SB mice were obtained from
ENU-induced mutations induced on a BALBc background. They were
back-crossed repeatedly to the BS strain used at Oak Ridge. Most
mutants from these Myo7a4494SB and Myo7a4626SB strains are albino, and
most of the controls are pigmented (either agouti or chinchilla). How-
ever, in the present study, we matched the pigmentation between mutant
and control whenever possible. Some of the Myo7a4494SB and Myo7a4626SB

mice used for opsin measurements were crossed additionally to CBA/Ca
once and then intercrossed. Homozygous mutants of all alleles were
evident by their hyperactivity, head-tossing, and circling behavior caused
by vestibular dysfunction (Lord and Gates, 1929; Gibson et al., 1995).
Littermate controls were either heterozygotes or wild-type. Myo7ash1

mice were identified by DNA sequencing and/or hybridization tests, as
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before (Liu et al., 1998a), but heterozygous Myo7a4494SB and Myo7a4626SB

mice were not distinguished from wild-type littermates. All data and
images presented in the present paper were obtained from light-adapted
animals, which were killed between 2 and 6 hr after the onset of the light
phase of the light /dark cycle. Retinas from three dark-adapted Myo7ash1

mutants and three dark-adapted littermate controls, which were all killed
under dim red light between 3 and 5 hr after the onset of the dark phase,
were also examined with respect to opsin distribution; qualitatively, they
appeared no different from the light-adapted retinas. Retinas were pro-
cessed for standard light and electron microscopy after cardiac perfusion
of the animal, with fixative containing glutaraldehyde and paraformal-
dehyde, and embedment in Epon 812 resin. Retinas for immunoelectron
microscopy were fixed either by perfusion or immersion and embedded
in L. R. White resin.

Antibodies and immunolabeling. Two different myosin VIIa antibodies
were used. One was generated against a recombinant protein, including
residues 941–1071 of mouse myosin VIIa. This tail domain antibody is
the same as that referred to as polyclonal antibody (pAb) 2.2 by Liu et al.
(1997a). This antibody was used for the electron immunomicroscopy. A
newer antibody was produced by Affinity Bioreagents Inc. (catalog
#PA1–936) against a peptide corresponding to amino acids 16–31 of

mouse, human, and porcine myosin VIIa. This N-terminal antibody was
used in Western blot analysis of testis from Myo7a4494SB and Myo7a4626SB

mice to test for the presence of a truncated myosin VIIa product. These
alleles are both stop mutations: in Myo7a4494SB the stop occurs after the
first 245 amino acids of myosin VIIa plus five additional residues (theo-
retical molecular mass of 28 kDa), and in Myo7a4626SB after the first 719
amino acids of myosin VIIa (theoretical molecular mass of 82 kDa)
(Mburu et al., 1997). Five different opsin antibodies, which have been
characterized previously, were used: two polyclonal antibodies, pAbs 01
and 99, generated in our lab against bovine opsin (Newton and Williams,
1993; Boesze-Battaglia et al., 1997); monoclonal antibodies (mAbs) 1D4
and 4D2, which recognize C-terminal and N-terminal epitopes, respec-
tively (Molday, 1989); and mAb B6–30, which recognizes an N-terminal
epitope (Adamus et al., 1988). The sections shown in Figures 2 and 3
were labeled with pAb 01. The peripherin/rds antibody used is polyclonal
against the C-terminal two-thirds of the mouse protein (Kedzierski et al.,
1997). All electron immunomicroscopy was performed using secondary
antibodies conjugated to 10 nm gold particles, as described (Liu et al.,
1997a). Western blots of proteins from testes and neural retinas were
performed as described (Liu et al., 1997a).

Figure 1. Immunogold localization of myosin VIIa in
the photoreceptor cell. a, Diagram of a rod photorecep-
tor. ROS, Outer segment (which is made up of a stack of
opsin-containing disk membranes); CC, connecting ci-
lium; BB, distal pair of basal bodies; IS, inner segment.
The top bracket (lef t) indicates the 1 mm length of
connecting cilium, along which opsin immunogold label
was quantified (see Materials and Methods). The bot-
tom bracket (partially shown) indicates the 1 mm length
of inner segment plasma membrane, along which opsin
immunogold label was quantified. b, Photoreceptor cells
(two connecting cilia are shown) from a wild-type ret-
ina, immunogold-labeled with the myosin VIIa tail do-
main antibody. Scale bar, 0.5 mm. c, Electron micro-
graph of a photoreceptor cell from a homozygous
mutant Myo7ash1 retina, immunogold-labeled with the
myosin VIIa tail domain antibody. Same magnification
as in b. In both the mutant and control, label is predom-
inantly in the periphery of the connecting cilium. Note
that where a section passes obliquely through the pe-
riphery of a cilium (distally in the left one in b, proxi-
mally in the other two), label is more dense because of
greater exposure of the periphery.

Figure 2. Immunogold localization of opsin in
Myo7ash1 photoreceptor cells. a, Electron micrograph
of a photoreceptor cell from a heterozygous mouse.
The lack of label in the connecting cilium is typical of
that found in wild-type animals (Nir et al., 1984;
Besharse et al., 1985). Scale bar, 0.5 mm. b, Electron
micrograph of a photoreceptor cell from a homozy-
gous mutant Myo7ash1 mouse. The connecting cilium
is labeled in a manner that we have never observed in
wild-type animals either in this study or in previous
ones. The bracket indicates the 1 mm length of con-
necting cilium, along which opsin immunogold label
was counted (compare Fig. 1a). Same magnification
as in a. The mice were 3-month-old littermates.
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Quantification of cells, outer segment length, and immunolabel. Photo-
receptor cell nuclei, which make up the outer nuclear layer of the retina,
were counted in sections from the same blocks as those used for auto-
radiography (see below), plus blocks of the same retinal regions from an
additional 4-month-old Myo7ash1 mutant /control pair of mice. Two sec-
tions from the central superior retina were analyzed for each retina. Care
was taken to make sure that the photoreceptors were aligned longitudi-
nally in these sections. Nuclei in three separate 110 mm lengths of each
section were counted using a light microscope. Data were expressed as
number of nuclei per 6 mm. Because the horizontal spacing of the nuclei
is ;6 mm, the data represent the thickness of the photoreceptor nuclear
layer in terms of number of nuclei. Rod outer length was measured from
these same sections, by measuring 15 adjacent rod outer segments per
section.

Opsin immunoelectron microscopy was examined in retinas from a
total of 15 Myo7ash1 mutant /control pairs of mice (controls consisted of
heterozygotes and wild types), three Myo7a4494SB mutant /control pairs of
mice, and five Myo7a4626SB mutant /control pairs of mice. The Myo7ash1

mice ranged from 1 to 8 months old. The Myo7a4494SB mice were 3–6.5
months old. The Myo7a4626SB mice were 1.5–6 months old. For quanti-
fication of the opsin immunogold label in the connecting cilium and in
the inner segment plasma membrane, we used four Myo7ash1 mutant and
four Myo7ash1 heterozygous 3-month-old littermates and three
Myo7a4626SB mutant (all albino) and three littermate controls (one albino,
two chinchilla-pigmented) of 1.5 or 4 months old. Counts were obtained
with pAb 01 antibody (data shown) and also with mAb 1D4 (which gave
similar data). Gold particles were counted along a 1 mm length of the
cilium, from just distal of the distal pair of basal body toward the base of
the outer segment (Figs. 1a, 2b). The entire length up to the most basal
disk is ;1.2–1.3 mm, but we deliberately excluded this last 0.2–0.3 mm in
our quantification to provide clear separation between the region
counted and the heavily labeled outer segment. Counts were made only
from connecting cilia that were in complete longitudinal section; 9–18
cilia were counted from each animal. The sections used showed similar
densities of opsin label over the outer segment disks (;500 gold particles
per one square micrometer). Background label density (that in the
extracellular space between photoreceptor cells) was subtracted from the
counts, which were then normalized to a standard of 500 gold particles
per one square micrometer over the outer segment disks. Counts of gold
particles on the inner segment plasma membrane were made along a 1
mm length of plasma membrane, extending proximally from the basal

body region, but excluding the periciliary ridge domain (Fig. 1a). Parti-
cles within 40 nm of the membrane were counted. Data were normalized
as for those concerning the connecting cilium. Retinas from four
Myo7ash1 mutants and four littermate controls (heterozygotes or wild-
type) were labeled with anti-peripherin/rds.

All measurements were made from slides or photographs that were
labeled in code, so that the two individuals making the measurements
were blind to the genotype. All data are represented as mean 6 SEM.
Where appropriate, a one-tailed, Student’s t test was applied to test the
probability of no significant difference.

Opsin content. The amount of opsin in each retina was measured from
frozen eyeballs or detached neural retinas. It was found that the eyeballs
gave a more accurate indication, because a significant amount of opsin
was apparently lost during dissection of the eye to obtain the neural
retina. Samples were homogenized by gentle sonication and subjected to
SDS-PAGE followed by transfer to Immobilon P. Opsin was immunode-
tected using pAb 01 and chemiluminescence. The amount of opsin was
quantified with reference to a standard curve established with purified
mouse rod outer segments. The opsin concentration of the rod outer
segments was determined from its absorbance spectrum before and after
bleaching. Samples were analyzed in triplicate from each retina. Mea-
surements were made from a total of four Myo7ash1 mutants, four albino
Myo7a4494SB mutants, four pigmented (agouti) Myo7a4626SB mutants, and
four albino Myo7a4626SB mutants, with an equal number of appropriate
controls (same age and pigmentation).

Autoradiography. Myo7ash1 mice from a single litter containing three
mutants, two heterozygotes, and two wild-type mice of 3 months old were
used. They were given intraperitoneal injections of 70 mCi [ 3H]leucine
(140 Ci/mmol) per gram body weight. They were kept on a 12 hr
light /dark (40–100 lux) cycle, beginning 1 week immediately before the
injection. Seven days after the injection, their retinas were prepared for
light microscope autoradiography. This experiment was performed at
UCSD. In a separate experiment, performed in Nottingham by a differ-
ent investigator (K.P.S.), Myo7a4494SB and Myo7a4626SB mice were used.
The Myo7a4494SB mice came from two litters, one 5 months old, the other
6 months old. Together they contained four controls and three homozy-
gous mutants. Two of the mutants were pigmented (chinchilla) like the
controls, and one was albino. The relative band migration of the albino
(62% of that in controls) was less than that of the pigmented mutants; the
data given in the results section exclude the measurement from this
albino. The Myo7a4626SB mice came from a single 3-month-old litter, and

Figure 3. Immunogold localization of opsin in Myo7a4626SB photoreceptor cells. a, Electron micrograph of a photoreceptor cell from a control littermate.
Scale bar, 0.5 mm. b, c, Electron micrographs of photoreceptor cells from a homozygous mutant Myo7a4626SB mouse. Same magnification as in a. In b,
there is an abnormal accumulation of opsin in the connecting cilium, like that in Figure 2b. In c, there is less opsin label in the connecting cilium, but
an abnormal accumulation of opsin around the base of the cilium (*) is evident. The mice were 1.5-month-old littermates.
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contained three pigmented (chinchilla) controls and three albino ho-
mozygous mutants. Mice were injected with [ 3H]leucine and taken for
autoradiography 7 d later in the same manner as were the Myo7ash1 mice.
They were kept on a 12 hr light /dark (90–570 lux) cycle, beginning 1
week before the injection.

For light microscope autoradiography, eyes were dissected, fixed by
immersion in buffered paraformaldehyde, and embedded in Epon 812.
Semithin sections (0.5 mm) were prepared 0.5–1.0 mm from the ora
serrata from six different regions across the superior hemisphere of each
retina. Sections were oriented so that the photoreceptors were aligned
longitudinally. They were dipped in 50% Kodak (Eastman Kodak, Roch-
ester, NY) NBT-2 emulsion at 43°C and exposed for 3–10 weeks at 4°C.
After development, they were photographed. The photographs were
labeled in code. The leading edge of the band of radiolabel was identified
on the photographs, and the distances from the bases of 10 adjacent rod
outer segments to the leading edge were measured and averaged from
each of three regions of each photograph (the two sides and the center);
i.e., 180 rod outer segments were measured from each retina. Both the
identification of the leading edge of the radiolabel and the ensuing
measurements were made by two individuals who were blind to the
genotype.

RESULTS
Three different alleles of shaker1 mice were studied: the original
line of shaker1 mice, Myo7ash1, and two others, Myo7a4494SB and
Myo7a4626SB (Lord and Gates, 1929; Gibson et al., 1995; Mburu et
al., 1997). The Myo7ash1 mutation results in an Arg502Pro sub-
stitution, which is in a surface loop near the putative actin-
binding site (Gibson et al., 1995). This mutation most likely
interferes with the motor function of the mutant myosin VIIa.
The presence of this mutation was confirmed in our colony by
DNA sequencing (Liu et al., 1998a). The Myo7a4494SB and
Myo7a4626SB mutations are both stop mutations near the 59 end
(Mburu et al., 1997). Various point mutations in the motor
domain of myosin VIIa, including a Pro503Leu substitution
(which is next to that of Myo7ash1), as well as stop mutations in
the motor domain, have been linked to Usher syndrome 1B
(Weston et al., 1996).

Labeling of Western blots of retinal proteins with myosin VIIa
antibodies demonstrated that expression of mutant protein in
Myo7ash1 mutant retinas was similar to that of the wild-type
protein in wild-type retinas (data not shown), consistent with an
earlier study, in which a different tail domain antibody was used
(Hasson et al., 1997). An N-terminal antibody provided the same
result with Myo7ash1 testis and revealed that testis from
Myo7a4494SB and Myo7a4626SB mice contain not only no full length
myosin VIIa but also no significant amount of a truncated product
(data not shown), providing evidence that these two alleles are
both effectively null.

There was no significant difference in photoreceptor number
between mutants and controls up to 6 months old, indicating a
lack of cell death during this period. The number of photorecep-
tor cell nuclei per 6 mm of retina was 10.7 6 0.5 in Myo7ash1

mutants and 11.2 6 0.1 in littermate controls, 9.7 6 3.0 in
Myo7a4494SB mutants and 9.6 6 0.1 in littermate controls, and
11.2 6 0.7 in Myo7a4626SB mutants and 10.1 6 0.1 in littermate
controls. By electron microscopy, there was no discernible differ-
ence in photoreceptor cell ultrastructure, including cilium orga-
nization (cf. J. Cable, S. D. M. Brown, and K. P. Steel, in
preparation).

Results from electron immunomicroscopy of photoreceptor
cells of wild-type littermates of Myo7ash1 mice agreed with our
previous study with C57BL/6 mice, and rats and humans (Liu et
al., 1997a), showing that normal myosin VIIa is concentrated in
the connecting cilium. Within the connecting cilium, it appeared
to be restricted to the periphery, outside the ring of microtubules

(Fig. 1b). Examination of Myo7ash1 mutant mice showed that
mutant myosin VIIa was localized to this same region in a similar
concentration (Fig. 1c). If the Myo7ash1 mutation blocks the
motor function of myosin VIIa, this result would mean that the
protein does not depend on its own motor capabilities for correct
targeting to its site of function.

To explore whether myosin VIIa might be involved in trans-
porting phototransduction proteins between the photoreceptor
inner and outer segments, we first examined the distribution of
opsin, which accounts for 90% of the outer segment membrane
protein (Papermaster and Dreyer, 1974), in shaker1 photorecep-
tor cells. Retinas from the three alleles of shaker1 mice were
immunogold-labeled with opsin antibodies. Five different anti-
bodies against different regions of the protein were used (see
Materials and Methods), and all gave a similar result. Photore-
ceptor connecting cilia in wild-type and heterozygous Myo7ash1,
Myo7a4494SB, and Myo7a4626SB retinas were only weakly immuno-
reactive (Figs. 2a, 3a), like those in published illustrations of
wild-type retinas (Nir et al., 1984; Besharse et al., 1985). In
contrast, connecting cilia from homozygous mutant mice were
labeled relatively heavily in both light- and dark-adapted samples
(Figs. 2b, 3b). Quantitatively, we found 14.6 6 1.1 particles per 1
mm length of cilium in Myo7ash1 mutants and 4.7 6 0.8 particles
in heterozygous littermates after normalization of particle density
(see Materials and Methods). Before cell death in many types of
photoreceptor degeneration, opsin is evident in the inner seg-
ment plasma membrane (Nir et al., 1987; Li et al., 1995). How-
ever, counts of label over the inner segment plasma membrane of
these same mouse photoreceptor cells showed that there was just
as little label in the mutants as in the controls (mean of 0.4
particles per micrometer in each), indicating that the increased
label in the connecting cilium was not associated with a general
loss-of-polarity response. Photoreceptor connecting cilia with an
abnormally large amount of opsin label were also observed in
Myo7a4494SB and Myo7a4626SB mutant retinas (Fig. 3); mean of
15 6 2 particles in Myo7a4626SB mutants compared with 5.7 6 0.8
in littermate controls. However, in a number of the photoreceptor
cells of these null mutants, an abnormal amount of opsin label was
more evident around the base of the cilium, rather than in the
connecting region of the cilium (Fig. 3c). In an area at the base of
the cilium, defined by a 0.5 mm circle centered on the distal pair
of basal bodies, a mean of 11.7 6 1.1 particles was obtained from
counts of mutant Myo7a4626SB photoreceptors compared with
5.1 6 0.6 particles in littermate controls. This accumulation of
label at the base of the cilium was not observed in Myo7ash1

mutants, so that, overall, the abnormal accumulation of opsin is
more conspicuous in the null Myo7a mutants.

Despite this altered distribution of opsin in mutant photore-
ceptor cell cilia, most of the opsin in the cell is still within the disk
membranes. Measurements of total opsin in mouse eyes by West-
ern blot analysis showed no significant difference between same-
aged mutants and controls for each of the three alleles; mutants
and controls both contained 0.8 nmol of opsin per eye at 2 months
old. There was also no significant difference in rod outer segment
length; e.g., for 3-month-old Myo7ash1 littermates we measured
19.5 6 0.4 mm in mutants and 20.3 6 0.7 mm in controls.
Together, these two measurements indicate that opsin concentra-
tion in the disk membranes is similar between mutants and
controls, a result that is consistent with the relative intensities of
opsin immunogold labeling of the disk membranes on ultrathin
sections (Figs. 2, 3).
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To explore whether the distribution of other outer segment
proteins might also be affected in shaker1 mice, we immunogold-
labeled retinal sections with antibodies against peripherin/rds, a
membrane protein that is restricted to the disk rims (Molday et
al., 1987; Arikawa et al., 1992; Kedzierski et al., 1997). Retinas
from Myo7ash1 and Myo7a4626SB mutants and littermate controls
were examined. In all mutant retinas, the distribution of periph-
erin/rds was the same as that in control retinas (data not shown).
At the base of the outer segment, the distribution was like that
described previously for wild-type retinas (Arikawa et al., 1992),
with dense labeling of the disk rims and incisure and no signifi-
cant label in the connecting cilium. This observation indicates
that the abnormal accumulation of opsin is not the result of a
general defect that perturbs the distribution of all outer segment
proteins.

Last, we tested whether the rate of flow of opsin to the outer
segment was perturbed in shaker1 mice, by using pulse-chase
autoradiography to measure the rate of renewal of the opsin-
containing disk membranes. Disks form as discrete structures
so that those formed at the time of the pulse could be identified
by a radiolabeled band (Young, 1967). The position of the
leading edge of the radiolabeled band in each aligned retinal
section was determined, and the distance from the base of each
outer segment to this leading edge was measured to assess the
amount of disk membrane made after the pulse. Because of
some free [ 3H]leucine still present in the animals during the
“chase” period, there was significant label in the photoreceptor
cells below the band of radiolabel (as well as in other retinal
cells). However, there was only background label above the
band (i.e., in disks made before the pulse of radiolabel), which
facilitated locating the position of its leading edge (Fig. 4).
Band migration in Myo7ash1, Myo7a4494SB, and Myo7a4626SB

mutants was 86 6 3%, 87 6 2%, and 70 6 5%, respectively, of
that in respective controls ( p , 0.01, for each allele). Although
Myo7ash1 and Myo7a4494SB mutants had the same pigmentation
as their controls, the Myo7a4626SB mutants were albino, in
contrast to their pigmented controls. This lack of pigmentation
appeared to result in an exaggerated decrease in renewal rate;
relative band migration in one Myo7a4494SB albino mutant that
was also included in the experiment (but not used for the data
given above) was 62% of that in the pigmented controls.
Therefore, although the magnitude of the effect was small, the
disk renewal rate was consistently slower in the mutants of
each of the three mutant alleles examined.

DISCUSSION
The results lead to the following conclusions about the function
of myosin VIIa and the effects of mutant myosin VIIa in photo-
receptor cells. First, myosin VIIa functions in the photoreceptor
connecting cilium. Its immunolocalization in the cilium implies
this, although the mutant phenotype associated with the cilium of
shaker1 mice is stronger evidence of function in this structure.
This phenotype is the first indication of a role for any myosin in
a cilium. Because a cilium cytoskeleton is dominated by microtu-
bules rather than actin filaments, it is surprising that a myosin
would function in such a structure, although some actin filaments
have been detected in the photoreceptor cilium (Vaughan and
Fisher, 1987; Arikawa and Williams, 1989; Chaitin and Burnside,
1989).

Second, the abnormal increase in opsin in the connecting
cilium of shaker1 mice provides the first clear illustration of opsin
in this domain, and therefore, the first direct evidence that opsin
may travel via the cilium en route from its site of synthesis in the
inner segment to the outer segment. The inability to detect
significant opsin in the connecting cilia of wild-type photorecep-
tors has led to the suggestion of opsin delivery to the outer
segment by an extracellular route (Besharse and Horst, 1990;
Besharse and Wetzel, 1995). However, if myosin VIIa carries
opsin through the connecting cilium (see below), and it moves at
a velocity similar to that measured in vitro for other myosins, such
as myosin V (Cheney et al., 1993; Wolenski et al., 1995), opsin
could be transported at about 500 nm/sec. Each mouse photore-
ceptor renews ;87 disks per day (Young, 1967; Besharse and
Hollyfield, 1979), or, given an opsin concentration in the disk
membrane of 20,000 opsins/mm2 (Corless et al., 1976), it renews
an average of 72 opsins/sec. The area of a 1 mm length of ciliary
plasma membrane is ;1 mm2. At 500 nm/sec, opsin molecules
would take 2 sec to travel this 1 mm length, so that, although the
opsin renewal rate is high, the opsin concentration in the ciliary
plasma membrane need only be 144/mm2 to support it. That is
less than 1/100th of that in the disk membranes, making intense
immunolabeling of opsin in the connecting cilium of a wild-type
photoreceptor cell improbable.

The third conclusion is that myosin VIIa participates in the
transport of opsin through the connecting cilium. The increase in
opsin immunolocalized within and just proximal to the connect-
ing cilium of shaker1 photoreceptors could arise from an increase
in the amount of opsin traveling at the normal velocity to the
outer segment, a normal amount of opsin traveling at a reduced
velocity, or a reduced amount of opsin traveling at a very reduced

Figure 4. Light microscope autoradiographs of
Myo7ash1 retinas 7 d after the mouse received an injec-
tion of [ 3H]leucine. a, Retina from a heterozygous
Myo7ash1 mouse. Scale bar, 10 mm. b, Retina from a
homozygous mutant Myo7ash1 mouse. Same magnifica-
tion as in a. The mice were 3-month-old littermates. The
horizontal line represents the position of the leading edge
of the band of radiolabel over the rod outer segments.
Note that the region of outer segment above this band
contains only background label because it contains disks
that were formed as discrete units before the time of
injection of radiolabel. E, Retinal pigment epithelium;
O, rod outer segments; I, rod inner segments; N, photo-
receptor nuclear layer.
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velocity. The radiotracer experiments indicate that the renewal
rate of disk membrane protein is slightly reduced in shaker1, so
that the first alternative, which would be consistent only with an
increase in the rate of protein renewal, appears unlikely. Argu-
ably, the immunolocalization result could arise solely from back
flow of some opsin from the outer segment into the connecting
cilium. However, this would have the same effect on average opsin
velocity (i.e., rate of net flow) to the outer segment as a reduced
rate of transport through the cilium without back flow. Therefore,
in shaker1, there is a small reduction in the rate of delivery of
protein to the outer segments, and the more congested opsin must
be traveling at a reduced average distal velocity through the
connecting cilium. This suggests that transport through the cilium
is not normally rate-limiting for disk membrane renewal in wild-
type photoreceptors. Because myosin VIIa appears from its pri-
mary sequence to be a motor protein, it may be involved directly
in the transport of opsin through the connecting cilium. Alterna-
tively, it could have a more general role in the organization of the
cilium, and thus affect opsin flow indirectly. However, the ultra-
structure of the shaker1 photoreceptor cilium appears normal
(present study; Cable, Brown, and Steel, in preparation), and
myosin VIIa is not expressed in photoreceptor cells until 4–5 d
after birth, which coincides with the onset of opsin expression and
is after the cilium has been formed (X. Liu and D. S. Williams, in
preparation).

That opsin can still get through the connecting cilium in the
absence of normal myosin VIIa (i.e., there is not complete block-
age) is consistent with other observations. First, shaker1 mice
develop functional outer segments, and type 1B and atypical
Usher syndrome patients have been reported to undergo progres-
sive retinitis pigmentosa as opposed to congenital blindness
(Fishman et al., 1983; Liu et al., 1997b, 1998b; Cuevas et al.,
1998). Second, in vitro experiments with frog retinas show that
short-term delivery of outer segment protein is largely unaffected
in photoreceptors whose actin filaments (Williams et al., 1988) or
microtubules (Vaughan et al., 1989) have been disassembled;
although disassembly of both does inhibit delivery (Liu and
Williams, in preparation). Perhaps there is some redundancy
among molecular motors in transporting proteins to the outer
segment. Known candidates that might be important in compen-
sating for lack of myosin VIIa photoreceptor function include
members of the kinesin superfamily (Beech et al., 1996; Muresan
et al., 1997) and conventional myosin (myosin II) (Chaitin and
Coelho, 1992; Williams et al., 1992), which have also been de-
tected in the photoreceptor cilium.

Finally, the abnormal distribution of opsin is the first photore-
ceptor phenotype as a result of mutant myosin VIIa to be iden-
tified, and thus has implications for understanding the cellular
basis of photoreceptor degeneration in type 1B and atypical
Usher syndrome. Like others previously (Hasson et al., 1997), we
did not observe obvious photoreceptor degeneration in shaker1
retinas. The reason why retinal degeneration resulting from mu-
tant myosin VIIa has been observed only in humans is not clear.
Possibilities include differences in the specific mutations between
human and mouse (none of the reported Usher syndrome muta-
tions are identical to those found in shaker1 mice)a, differences in
genetic backgrounds, and/or differences between the species in
the extent of redundancy in molecular motor function in the
connecting cilium. Moreover, it is noteworthy that the rate of
retinal degeneration typically varies greatly between man and
mouse with the same genetic defect. In most examples studied so
far, degeneration occurs more quickly in the mouse retina. For

example, the rd mouse (which has a mutant b-phosphodiesterase
gene) (Bowes et al., 1990) and some mouse opsin mutants incur
photoreceptor degeneration before the photoreceptors are even
fully developed (Carter-Dawson et al., 1978; Olsson et al., 1992).
In other mutations, degeneration may occur more quickly in the
human retina. In Usher 1 patients, including Usher 1B patients,
retinitis pigmentosa is first detected typically at ;10 years of age
(Fishman et al., 1983; Liu et al., 1997b; Cuevas et al., 1998). If the
deleterious effects of mutant myosin VIIa develop only slowly in
a mouse retina, photoreceptor cell death may never become
evident within a mouse’s life span of 1–2 years. In any case, the
lack of photoreceptor degeneration in shaker1 retinas enables us
to determine that the observed cellular defects are not secondary
to processes of cell death, and are instead the result of mutant
myosin VIIa.

In the RPE, mutant myosin VIIa results in misplacement of the
melanosomes (Liu et al., 1998a). However, as argued by Liu et al.
(1998a), it is difficult to see how this defect in pigment distribu-
tion could in itself lead to photoreceptor degeneration, although
it might exacerbate any light dependence of degeneration as a
result of reduced light screening. The present study demonstrates
an alternative cellular defect, one that resides in the photorecep-
tors themselves, and which perhaps is primarily responsible for
the progressive degeneration found in type 1B and atypical Usher
syndrome. The ultrastructure of photoreceptors from donors with
type 1B or atypical Usher syndrome have not been described.
Interestingly, however, abnormally organized photoreceptor cilia
have been observed in postmortem retinas from Usher syndrome
type 2 patients (Barrong et al., 1992; Berson and Adamian, 1992;
Hunter et al., 1986). The present observations suggest that the
ciliary defect resulting from mutant or absent myosin VIIa affects
opsin flow to the outer segment. Although the rate of outer
segment protein renewal was found to be only slightly affected by
this defect, this small effect could be deleterious over a prolonged
period (i.e., years), or it could be larger under conditions of stress,
or larger in humans compared with mice.
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