
Myosin VIIa, the Product of the Usher 1B
Syndrome Gene, Is Concentrated in the
Connecting Cilia of Photoreceptor Cells

Xinran Liu,1 Gordon Vansant,1 Igor P. Udovichenko,1

Uwe Wolfrum,2 and David S. Williams1*

1Departments of Pharmacology and Neurosciences, UCSD School of Medicine,
La Jolla, California

2Zoologisches Institut, Universität Karlsruhe, Karlsruhe, Germany

Usher syndrome is the most common form of combined deafness and blindness.
The gene that is defective in Usher syndrome 1B (USH1B) encodes for an
unconventional myosin, myosin VIIa. To understand the cellular function of
myosin VIIa and why defects in it lead to USH1B, it is essential to determine the
precise cellular and subcellular localization of the protein. We investigated the
distribution of myosin VIIa in human and rodent photoreceptor cells and retinal
pigment epithelium (RPE), primarily by immunoelectron microscopy, using
antibodies generated against two different domains of the protein. In both human
and rodent retinae, myosin VIIa was detected in the apical processes of the RPE
and in the cilium of rod and cone photoreceptor cells. Immunogold label was most
concentrated in the connecting cilium. Here, myosin VIIa appeared to be
distributed outside the ring of doublet microtubules near the ciliary plasma
membrane. These observations indicate that a major role of myosin VIIa in the
retina is in the photoreceptor cilium, perhaps in such a function as trafficking newly
synthesized phototransductive membrane or maintaining the diffusion barrier
between the inner and outer segments. Our results support the notion that defective
ciliary function is the underlying cellular abnormality that leads to cellular
degeneration in Usher syndrome. Cell Motil. Cytoskeleton 37:240–252,
1997. r 1997 Wiley-Liss, Inc.
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INTRODUCTION

Usher syndrome is an autosomal recessive form of
retinitis pigmentosa and hearing impairment [Usher,
1914]. It affects about 1 in 23,000 within the United
States [Boughman et al., 1983] and is clinically and
genetically heterogeneous. Three clinical types have been
described: The most severe is type 1 (USH1), which is
characterized by profound hearing loss, vestibular dysfunc-
tion, and prepubertal onset of retinitis pigmentosa. De-
fects in at least four different genes can lead to USH1, but
about 75% of USH1 cases (and about 50% of all USH
cases) are classified as Usher syndrome 1B (USH1B) and
are caused by defects in the gene encoding myosin VIIa
[Weil et al., 1995].

The primary sequence of myosin VIIa indicates a
729 amino acid N-terminal domain that has all the main
characteristics of a myosin motor domain [Hasson et al.,
1995;Weil et al., 1996]. This domain is followed by a 126
amino acid neck domain that contains five IQ motifs and
a tail that is the longest among the unconventional
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myosins identified so far. The tail begins with a short (78
amino acids) region that should form a coiled coil; thus,
the molecule is likely to dimerize. Farther along the tail,
there are myosin tail homology regions and regions that
are homologous to the membrane-binding domain of
proteins in the protein 4.1 superfamily [Chen et al., 1996;
Weil et al., 1996].

To understand the cellular function of myosin VIIa
and why defects in it lead to USH1B, it is essential to
determine the precise cellular and subcellular distribution
of the protein. By immunofluorescence microscopy of rat
tissues, Hasson et al. [1995] demonstrated that myosin
VIIa is present in the inner and outer hair cells of the
cochlea and the pigmented epithelium of the retina
(RPE). More recently, El-Amraoui et al. [1996] examined
a variety of vertebrate retinae by immunofluorescence
microscopy. Interestingly, they detected myosin VIIa in
the photoreceptor cells of human, monkey, chicken, and
frog but not of rodents. In primate photoreceptor cells,
they observed immunofluorescence in the inner and outer
segments and synaptic terminals.

In the present study, we investigated the distribution
of myosin VIIa in photoreceptor cells and the RPE,
primarily by immunoelectron microscopy, using antibod-
ies that we generated against different domains of the
protein. Thus, with relatively high resolution, we were
able to determine the subcellular distribution of myosin
VIIa in human photoreceptor cells and to reassess whether
there are differences in the distribution of the protein in
human and rodent retinae. Our results indicate that the
highest concentration of myosin VIIa is in the region of
the photoreceptor cilium that links the inner and outer
segments of each cell. They suggest that the basis of the
retinitis pigmentosa found in USH1B patients may be a
defect in the function of this connecting cilium.

MATERIALS AND METHODS

Preparation of Antibodies

We generated antibodies against a peptide and a
fusion protein that correspond to different regions of

mouse myosin VIIa (Fig. 1). The peptide sequence
337EARTFENLDACE, which is from part of the motor
domain, was chosen from the partial mouse myosin VIIa
cDNA sequence that was available at the time we
embarked on the present study [Gibson et al., 1995].
Important reasons for selecting this sequence were that
we knew from Weil et al. [1995] that it was 100%
identical with the corresponding region in human myosin
VIIa (so that generated antibodies should cross react with
human myosin VIIa) and that it showed no similarity to
sequences found in other myosins, as determined by
BLAST search of the Genbank database. The peptide was
synthesized, purified, and analyzed by mass spectroscopy
by Multiple Peptide Systems (La Jolla, CA). It was
synthesized with an additional Lys residue at its N-
terminal, coupled to bovine serum albumin (BSA) by
glutaraldehyde, and injected subcutaneously into rabbits
with Freund’s adjuvant. Some rabbits were given an
additional intravenous injections of BSApeptide that was
adsorbed to 70 nm gold particles, according to the method
of Pow and Crook [1993]. Antibodies generated in rabbits
injected with the peptide were called pAb 1.

The fusion protein was made as follows. Total RNA
was purified from mouse testes by using established
techniques [Chomezynski and Sacchi, 1987]. mRNAwas
then isolated from the total RNA by using oligo(dT)
cellulose. Reverse transcription to produce cDNA was
carried out by using random primers obtained from
Invitrogen, San Diego, CA. For polymerase chain reac-
tion (PCR) amplification, degenerate primers were de-
signed based on the human myosin VIIa amino acid
sequence [Hasson et al., 1995], because the sequence of
the mouse myosin VIIa tail domain was unknown. The
primers were designed to amplify a 393 nucleotide
portion of themousemyosinVIIa encoding the N-terminal
part of the tail (Fig. 1), which corresponds to amino acids
941–1,071 of human myosin VIIa. The sequences of the
PCR primers were 58-CGGGATCCCGAYATGGTNGAY-
AARATGTT-38 and 58-CCGCTCGAGGGTCATNAC-
NGGDATYTTYTC-38. They include BamH1 and Xho1

Fig. 1. Diagram illustrating domain organization of myosin VIIa
predicted from the full cDNA for human myosin VIIa [Chen et al.,
1996; Weil et al., 1996]. The motor domain contains the ATP- and
actin-binding regions. The domain indicated by IQ contains five IQ
motifs, CC indicates ana-helical segment that appears likely to form a
coiled-coil, M indicates myosin tail homology regions, and T indicates

regions that are homologous to talin and other members of the protein
4.1 superfamily. The regions against which antibodies were made are
indicated. pAb 1 was made against the peptide sequence EARTFENL-
DACE; pAbs 2.1 and 2.2 were made against a 155 amino acid fusion
protein, including 131 amino acids of mouse myosin VIIa that
correspond to the region shown.
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restriction sites, respectively, to facilitate the subcloning
of the PCR product. The PCR product was digested and
cloned into pET23b (Novagen, Madison, WI), which
resulted in an expression vector that encoded a 17-kD
protein fragment. This resulting fusion protein consisted
of a 14 amino acid leader peptide from the vector; 131
amino acids of myosin VIIa; and the amino acids Thr,
Lys, andGlu plus seven histidines added to the C-terminus
from the vector. Because the next amino acid of human
myosin VIIa is a threonine, we probably have 132 amino
acids of mouse myosin VIIa included in the fusion
protein. The vector was transformed into BL21 DE3
[lys(s)] cells, which were induced to express the protein
with IPTG at a final concentration of 1 mM. The protein
was purified using a nickel column (Qiagen, Chatsworth,
CA) and was used as an antigen (with Freund’s adjuvant)
to produce polyclonal antibodies in rabbits by standard
methods. Some rabbits were injected (subcutaneously)
with soluble protein that was dialyzed against phosphate-
buffered saline (PBS) after elution from the nickel
column. Others were injected with protein that was
denatured and additionally purified by separation in
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE); in this case, protein in pulverized
polyacrylamide was used.Antibodies generated in rabbits
injected with fusion protein prior to SDS-PAGE were
called pAb 2.1. Antibodies generated in rabbits injected
with denatured fusion protein in polyacrylamide were
called pAb 2.2.

Antisera of pAbs 1 and 2 were affinity purified on
Affigel 10 (BioRad) columns to which the appropriate
peptide or fusion protein was coupled. The procedure
followed that described in the BioRadmanual, except that
peptide or fusion protein were incubated with Affigel 10
for 20 h at 4°C to achieve.95% coupling.

Expression of Partial Myosin VIIa
in Insect sf9 Cells

A 3.25-kb length of cDNA, which contained the
DNA region encoding amino acids 1–1,075 of human
myosin VIIa [Hasson et al., 1995], was given to us by
Drs. Tama Hasson and Mark Mooseker of Yale Univer-
sity. By using this cDNA, the DNA for the first 1,075
amino acids of human myosin VIIa was cloned into the
baculovirus transfer vector pVL1393 as follows: First, a
320 nucleotide PCR adaptor fragment was produced by
using the 3.25-kb cDNA as a template with the primers
58 -CGCGGATCCACCATGGTGATTCTTCAG-
CAGGG-38 and 58-GGGTTCACAGCCACCAGGATGG-
38. The adaptor includes the initiation site of translation
and also has an introduced BamH1 site at the 58 end and a
native BstX1 site at the 38 end. This fragment was ligated
to a 2.9-kb BstX1, EcoR1 cDNA fragment, representing
the rest of the clone, and pVL1393 that had been digested

with BamH1 and EcoR1. The EcoR1 site, which was at
the 38 end of the encoding sequence, was then digested,
filled in with Klenow DNA polymerase, and religated to
introduce a stop codon. The transfer vector construct was
then used to produce recombinant viruses for protein
expression. Briefly, sf9 insect cells were cotransfected
with a combination of the transfer vector and linearized
wild type baculovirus DNA (Baculogold-Pharmingen) by
liposome-mediated transfection. The resultant recombi-
nant virus was harvested and amplified by another
propagation to produce high-titer virus. The production of
recombinant virus was verified by the expression of a
124-kD protein that was visible on Coomassie blue-
stained SDS-polyacrylamide gels (Fig. 2a).

Western Blot Analysis

Retinae were dissected from human, mouse, rat,
and bovine eyes. The human eye was from a 98-year-old
donor with no history of retinal disease; it was given to us
by a local eye bank 7 h after the death of the donor.
Rodent eyes were obtained from C57BL/6 mice (postna-
tal 1 year) and Sprague-Dawley rats (postnatal 21 days)
that had been kept on a 12 h light/12 h dark cycle. Bovine
eyes were obtained from a local slaughterhouse. Photore-
ceptor outer segments were purified from bovine retinae
by using sucrose density gradients, as described by
Azarian et al. [1995]. The purified outer segments were
collected by centrifugation; resuspended in 2% Triton
X-100, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 24 µM
leupeptin, 0.2 mM PMSF, and 20 mMTris, pH 7.4 (buffer
A), at 4°C; and added to the top of a layer of 50% (w/w)
sucrose in buffer A, which had been laid on top of 60%
(w/w) sucrose in buffer A. Photoreceptor outer segment
axonemes were collected from the interface between the
two layers of sucrose [cf. Horst et al., 1987]. Retinae,
photoreceptor outer segment axonemes, or Sf9 cells were
homogenized directly in 62.5 mM Tris buffer, 10%
glycerol, and 2% SDS, pH 6.8 (sample buffer), for
SDS-PAGE. The separated proteins were electrophoreti-
cally transferred to Immobilon-P, blocked, and probed
with primary and secondary antibodies. The latter was
conjugated to alkaline phosphatase, so that labelling was
detected by the formation of the insoluble product of
5-bromo-4-chloroindoyl phosphate hydrolysis.

Immunoelectron Microscopy

Two human eyes with no history of retinal disease
were used. One was from a 30-year-old donor; it was
given to us by an eye bank 30 min after the death of the
donor. The other was from a 25-year-old donor; it was
given to us by an eye bank 90 min after the death of the
donor. Rodent eyes were obtained from C57BL/6 mice
(8–12 months old) and Sprague-Dawley rats (21 days
old). Eyes were cut along the ora serrata, and the posterior
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eyecups were immersed immediately in primary fixative.
The human eyecups were fixed in 2% glutaraldehyde and
2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4,
for 2 h at room temperature. The rodent eyecups were
fixed in 0.5% glutaraldehyde and 2% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4, for 2 h at room
temperature. The tissue was dissected into small pieces
during fixation. Fixed pieces of human retina were then
dehydrated with an ascending series of ethanol up to
95%, infiltrated in 1:1 mixture of Lowicryl K4M resin
and 95% ethanol for 1 h, and then infiltrated overnight in
a pure Lowicryl K4M resin mixture at 4°C. Retinal pieces
were embedded in the fresh resin, which was cured under
UV light for 7 days. Pieces corresponding to the region
just peripheral to the parafoveal region were used in the
present study. The rodent retinal pieces were embedded in
LRWhite medium and polymerized at 60°C for 24 h.

Ultrathin sections (60–70 nm) were collected on
Formvar-coated nickel grids. Sections were first etched
with saturated sodium periodate (Sigma, St. Louis, MO),

then blocked with 4% BSA in PBS for 30 min. The
primary incubation was carried out with myosin VIIa
antibodies in PBS containing 1% BSA at 4°C overnight.
The grids were rinsed with PBS and then incubated with
goat antirabbit IgG conjugated to 10 nm gold (Amer-
sham, Arlington Heights, IL) at a dilution of 1:30, in PBS
with 1% BSA for 1 h. The sections were postfixed in 2%
glutaraldehyde for 20 min, washed completely in distilled
water, and stained with 5% uranyl acetate for 5 min prior
to observation. Fusion protein (1 mg/ml) or peptide
(50–100 µg/ml) was added to the primary incubation as a
negative control. The preimmune sera were also used as a
negative control. Sections were observed in a Jeol (model
1200-EX) electron microscope.

Immunogold labelling in different domains was
quantified by counting gold particles on negatives. Re-
gions from and around 8–20 randomly selected photore-
ceptor cells in longitudinal section were counted per
block of tissue. Human data were obtained from three
different blocks containing tissue from the region just
peripheral to the parafoveas of the two human retinae.

Fig. 2. Western blot analyses of antibodies against myosin VIIa.a:
Determination that antibodies recognized human myosin VIIa.Western
blots [from an 8% sodium dodecyl sulfate (SDS) polyacrylamide gel]
were prepared from lysates of sf9 cells either containing or not
containing a polypeptide, with an apparent molecular mass of,124
kD, and corresponding to amino acids 1–1,075 of human myosin VIIa.
Each antibody was incubated either with aWestern blot strip containing
the polypeptide (1), with a strip not containing the polypeptide (2), or
with a strip containing the polypeptide but also in the presence of
competitive peptide or fusion protein (c).Lanes 1,2: Coomassie
blue-stained gel of sf9 cells either containing (1) or not containing (2)
the 124-kD myosin VIIa prior to transfer to Immobilon.Lanes 3,4:
Labelled with pAb 1 antiserum.Lane 5: Labelled with pAb 1
antiserum1 0.2 mg/ml peptide.Lanes 6,7: Labelled with affinity-
purified pAb 2.1.Lane 8: Labelled with affinity-purified pAb 2.11 1
mg/ml fusion protein.Lanes 9,10:Labelled with affinity-purified pAb
2.2.Lane 11:Labelled with affinity-purified pAb 2.21 1 mg/ml fusion
protein. b: Test for specific cross reactivity of antibodies against
myosin VIIa in human, mouse, and rat retinae, and bovine photorecep-
tor outer segment axonemes. Lanes 1–8 containWestern blotted human
retinal proteins, separated by 7% SDS-polyacrylamide gel electropho-
resis (SDS-PAGE).Lane 1: Labelled with affinity-purified pAb 1.
Lane 2: Labelled with affinity-purified pAb 11 0.1 mg/ml peptide.
Lane 3:Labelled with affinity-purified pAb 2.1.Lane 4:Labelled with
affinity-purified pAb 2.11 1 mg/ml fusion protein.Lane 5: Labelled
with pAb 2.2 antiserum.Lane 6: Labelled with pAb 2.2 antiserum1 1
mg/ml fusion protein.Lane 7: Labelled with affinity-purified pAb 2.2.
Lane 8: Labelled with affinity-purified pAb 2.21 1 mg/ml fusion
protein. Lanes 9–12 contain Western blotted mouse retinal proteins,
separated by 7% SDS-PAGE.Lane 9: Labelled with affinity-purified
pAb 2.1.Lane 10:Labelled with affinity-purified pAb 2.11 1 mg/ml
fusion protein.Lane 11:Labelled with affinity-purified pAb 2.2.Lane
12: Labelled with affinity-purified pAb 2.21 1 mg/ml fusion protein.
Lane 13:Mouse testis proteins labelled with affinity-purified pAb 2.2.
Lane 14: Rat retinal proteins labelled with affinity-purified pAb 2.2.
Lane 15: Bovine photoreceptor outer segment axonemal proteins
labelled with affinity-purified pAb 2.2.
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Mouse data were obtained from three different blocks
containing pieces of retina from two different mice.

Immunofluorescence Microscopy of Rat
Photoreceptor Cells

Procedures for the isolation of rat photoreceptor
inner-outer segments and immunofluorescence micros-
copy and details of the centrin antibody (monoclonal
antibody 20H5) are the same as those described by
Wolfrum [1995]. Retinae were obtained from 2-month-
old Sprague-Dawley rats that had been maintained on a
12 h light/12 h dark cycle.

RESULTS

Western Blot Analysis

Antibodies were made against a peptide (pAb 1) or
a fusion protein (pAbs 2.1 and 2.2) corresponding to
different domains of mouse myosin VIIa (Fig. 1). The
peptide is 100% identical between human and mouse
[mouse: Gibson et al., 1995; human: Weil et al., 1995].
The sequence of mouse myosin VIIa in the region against
which pAbs 2.1 and 2.2 were made has yet to be reported.
We sequenced 192 of the 393 nucleotides of the cDNA
encoding for this region and found that all but one of the
encoded 64 amino acids were identical with the reported
corresponding amino acids of human myosin VIIa [Has-
son et al., 1995; Weil et al., 1996].

The antibodies were tested to confirm that they
recognized human myosin VIIa by incubating them with
Western blots containing lysate from sf9 cells that had
expressed a polypeptide corresponding to amino acids
1–1,075 of the protein. Figure 2a shows that pAb1, pAb
2.1, and pAb 2.2 all specifically recognized the recombi-
nant myosin VIIa. The antibodies did not react with
proteins in lysate from sf9 cells that had not been
transfected with myosin VIIa DNA (Fig 2a, lanes 4, 7,
10). Moreover, the labelling of the recombinant myosin
VIIa was inhibited when pAb 1 was incubated with
peptide and when pAbs 2.1 and 2.2 were incubated with
fusion protein (Fig. 2a, lanes 5, 8, 11). Two smaller
polypeptides were also labelled faintly by pAbs 2.1 and
2.2, but, because they were not labelled in lanes that
lacked the expressed myosin VIIa or in lanes that were
incubated with antibody plus fusion protein, they most
likely represent a small amount of expressed myosin VIIa
that had been proteolyzed. They were not recognized by
pAb1, indicating removal of the protein’s N-terminus.

Next, the antibodies were tested for their specificity
for myosin VIIa in Western blots of human retina (Fig.
2b, lanes 1–8). All of them recognized a single polypep-
tide that migrated above the 205-kD molecular mass
marker. In the case of pAb 2.2, even unpurified antisera
reacted specifically with this polypeptide at dilutions as
high as 1:50,000 (with an alkaline phosphatase-conju-

gated secondary antibody; for 1:10,000 dilution, see Fig.
2b, lane 5). Labelling of the polypeptide was inhibited
when pAb 1 was incubated with peptide and when pAbs
2.1 and 2.2 were incubated with fusion protein (Fig. 2b,
lanes 2, 4, 6, 8).

In rodent retinae, the antibodies also recognized a
single polypeptide. Western blots of mouse retina (Fig.
2b, lanes 9–12) and rat retina (Fig. 2b, lane 14) labelled
with pAbs 2.1 and 2.2 are shown in Figure 2b. Mouse and
rat myosin VIIa migrated slightly faster than human
myosin VIIa in SDS-PAGE but at a rate similar to that of
myosin VIIa in mouse testis, which contains a greater
concentration of myosin VIIa than retina (Fig. 2b).

Antibodies also recognized a single polypeptide in
an axonemal preparation from bovine photoreceptor outer
segments (Fig. 2b, lane 15). This polypeptide migrated
slightly slower than the rodent myosin VIIa, more similar
to the human myosin VIIa. The detection of myosin VIIa
in photoreceptor outer segment axonemes is consistent
with the immunocytochemical observations below.

Immunolabelling of Human Photoreceptor Cells
and RPE

Affinity-purified pAbs 1, 2.1, and 2.2 and pAb
2.2 antiserum were used for immunogold labelling of
ultrathin human retinal sections. They all gave the same
labelling pattern, although antiserum and affinity-puri-
fied fractions of pAb 2.2 (at dilutions of 1:500–1:1,000)
gave the strongest signal. No significant labelling
was observed with any of the preimmune sera (diluted
1:200).

Myosin VIIa was detected predominantly in the
proximal cilia (i.e., connecting cilia) of human photorecep-
tor cells (for an example of an intensely labelled cilium in
longitudinal section, see Fig. 3). Within this domain, it
was found only near the plasma membrane, outside the
ring of microtubules (Figs. 3, 4). In transverse sections of
connecting cilia, label was not detected inside the ring of

Fig. 3. Longitudinal section of part of a human rod photoreceptor cell
immunogold labelled with myosin VIIa antibody pAb 2.2. O, outer
segment; C, connecting cilium; I, inner segment. Scale bar5 500 nm.

Fig. 4. Transverse section of connecting cilium of human rod photore-
ceptor cell immunogold labelled with myosin VIIa antibody pAb 2.2.
Note that, in this particular micrograph, most of the gold particles
appear to be in the extracellular space between the cilium and the inner
segment (I). However, because of the indirect detection of the antigen,
the gold particle can be up to two lengths of an immunoglobulin
molecule from the antigen; i.e., up to 35–40 nm. Together, this and
other micrographs of transverse sections (see also Fig. 14 for mouse)
indicate that the antigen is near the cytoplasmic surface of the ciliary
plasma membrane. Scale bar5 200 nm.

Fig. 5. Longitudinal section of part of a human cone photoreceptor cell
immunogold labelled with myosin VIIa antibody pAb 2.2. The region
around the connecting cilium (C) is shown. O, outer segment; I, inner
segment. Scale bar5 500 nm.
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Figures 3–5.



microtubules (see, e.g., Fig. 4). The connecting cilia of
both rod (see, e.g., Fig. 3) and cone (Fig. 5) photoreceptor
cells were labelled. Figures 3–5 were obtained by using
pAb 2.2. Incubation of either antiserum or affinity-pure
pAb 2.2 with 1 mg/ml fusion protein prevented labelling
of the cilium (Fig. 6). Rod photoreceptor cells labelled
with pAb 2.1 and pAb 1 are shown in Figures 7 and 8;
most label is in the connecting cilia. Label was also
evident in the distal cilium (the region of the cilium that is
adjacent to the outer segment disk membranes), although
it was clearly less than in the connecting cilium. Outside
the photoreceptor cells, the apical surface of the RPE was
labelled above background levels. Myosin VIIa was
detected in the apical processes that extend around the
outer segment (Fig. 9).

Immunolabelling of Rodent Photoreceptor Cells
and RPE

Freshly isolated, unfixed rat rod photoreceptor outer
and inner segments were double-labelled with a mixture
of centrin mouse monoclonal antibody and myosin VIIa
pAb 2.1 or 2.2. The centrin antibody, as described by

Wolfrum [1995], labeled the entire photoreceptor cilium
plus the basal bodies (Fig. 10c). In contrast, myosin VIIa
was detected only in the proximal part of the cilium (Fig.
10b).

In ultrathin sections of mouse and rat retinae, the
connecting cilia of photoreceptor cells (Figs. 11–13) and
the apical processes of the RPE (not shown) were the
most obviously immunolabelled structures. The cilia
were labelled in the same manner as that observed with
human photoreceptor cells; gold particles were concen-
trated around the periphery of the connecting cilium (see
Fig. 14, which shows mouse connecting cilia in trans-
verse section). In rat (Fig. 12) and mouse (Fig. 13)
retinae, we were able to observe regions of the retina in
which connecting cilia of adjacent photoreceptor cells
were profiled in longitudinal section. Occasionally, a
connecting cilium appeared unlabelled over a significant
part of its length (see, e.g., the middle cilium in Fig. 12).
This observation could be explained if the myosin VIIa
molecules were spaced at intervals around the cilium
rather than in a continuous ring. Thus, it would be
possible for the surface of a section (LRWhite-embedded

Fig. 6. Longitudinal section of the cilium of a human rod photorecep-
tor cell immunogold labelled with myosin VIIa antibody pAb 2.2 plus 1
mg/ml fusion protein. In this negative control, the connecting cilium is
not labelled. Scale bar5 200 nm.

Fig. 7. Longitudinal section of the cilium of a human rod photoreceptor

cell immunogold labelled with myosin VIIa antibody pAb 2.1 (same
magnification as in Fig. 6).

Fig. 8. Longitudinal section of the cilium of a human rod photoreceptor
cell immunogold labelled with myosin VIIa antibody pAb 1 (same
magnification as in Fig. 6).
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sections are only labelled at the etched surface) to
coincide with where myosin VIIa is absent in some cilia.

Quantification of Immunolabelling

The number of gold particles per µm2 was deter-
mined for different regions of photoreceptor cells and the
apical processes of the RPE in human retina for pAbs 1
and 2.2 and in mouse retina for pAb 2.2. The sections that
were used contained the photoreceptor cells in longitudi-
nal section. Figure 15 shows that the connecting cilium
contained the most label in both human and mouse
photoreceptor cells, irrespective of the antibody used.
The only other region in the photoreceptor cells that was
labelled above background levels was the distal cilium;
this domain contained a concentration of label that was
almost as high as the apical processes of the RPE.

DISCUSSION

Our results indicate that, in human and rodent outer
retinae, myosin VIIa is located primarily in the photore-
ceptor cell connecting cilium and the RPE (Fig. 16).
Localization of myosin VIIa in the RPE has been reported
previously [Hasson et al., 1995; El-Amraoui et al., 1996];
however, this is the first report of localization in the

connecting cilium. Immunolabelling of the connecting
cilium may have been missed by the earlier studies,
because they used immunofluorescence of thick sections,
in which identification of the connecting cilium (only
,200 nm in diameter) would be difficult. Although they
did not observe labelling of the connecting cilium,
El-Amraoui et al. [1996] did report immunolabelling in
the outer and inner segments and synaptic terminals of
human (but not rodent; see below) photoreceptor cells. In
contrast, our quantitative analysis of immunogold label-
ling showed that these regions contained only back-
ground levels of labelling (Fig. 15). A possible explana-
tion for the differences between our results and previous
reports is that there may be a number of different isoforms
of myosin VIIa in the retina that arise from alternative
splicing, as proposed by Weil et al. [1996], and, perhaps,
different isoforms have different distributions. This expla-
nation seems unlikely, however, because the antibodies
used by Hasson et al. [1995] and El-Amraoui et al. [1996]
were made against an N-terminal part of the tail of
myosin VIIa, which, in both cases, included the region
against which our pAbs 2.1 and 2.2 were made. Our anti-
bodies appeared to react with only a single polypeptide on
Western blots, indicating that they do not recognize more
than one isoform of myosin VIIa (or other forms of
myosin VII) in retinal tissue. Unfortunately, tissue from
USH1B patients or mutant mice that could be used to test
the specificity of our antibodies was not available. Never-
theless, positive evidence that our antibodies do react
with myosin VIIa was obtained from their specific re-
activity on Western blots of lysates from sf9 cells, which
expressed recombinant partial myosin VIIa (Fig. 2a).

An additional disagreement between our results and
those of El-Amraoui et al. [1996] is that El-Amraoui et al.
found differences in myosin VIIa distribution between
human and rodent retinae. These researchers proposed
that such differences may explain why the photoreceptor
cells of shaker-1 mice do not appear to degenerate in
contrast to human USH1B photoreceptor cells. Shaker-1
mice, like USH1B patients, have defects in their myosin
VIIa gene [Gibson et al., 1995]. They suffer from
deafness and lack of balance [Steel and Bock, 1983], but
their retinae have not been reported to undergo degenera-
tion [Gibson et al., 1995]. In the present study, we have
found that myosin VIIa has the same distribution in
human, mouse, and rat retinae, so our results indicate that
any differences in susceptibility to photoreceptor degen-
eration cannot be explained by species differences in
myosin VIIa distribution.

Possible Function of Myosin VIIa
in Photoreceptor Cells

In a vertebrate photoreceptor cell, phototransduc-
tion occurs in the outer segment, which consists primarily

Fig. 9. The apical region of a retinal pigment epithelium cell (E) and
the distal tip of a rod outer segment (O) in a human retinal section that
was immunogold labelled with myosin VIIa antibody pAb 2.2. Scale
bar5 500 nm.
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of a densely packed stack of phototransductive disk
membranes (Fig. 16).Amajor undertaking for photorecep-
tor cells is the turnover of its disk membrane proteins,
mainly opsin [Young, 1967]. These proteins are synthe-
sized de novo in the inner segment of the cell and are
transported in membrane vesicles to the base of the
connecting cilium [Papermaster et al., 1985]. New disk
membranes containing these newly synthesized proteins
are formed by outgrowths of the plasma membrane of the
distal cilium [Steinberg et al., 1980;Arikawa et al., 1992].
Balancing the addition of new disk membranes, disks at
the distal end of the photoreceptor outer segment are
phagocytosed by the RPE [Young and Bok, 1969; Wil-
liams and Fisher, 1987], where they are subsequently
degraded. Defects in the turnover of the phototransduc-
tive disk membranes appear to underlie a number of
different inherited forms of photoreceptor cell degenera-
tion. For example, some mutations in rhodopsin [Li et al.,
1996; Liu et al., 1997] and peripherin/rds [Jansen and
Sanyal, 1984; Usukura and Bok, 1987] appear to result in
defective disk membrane morphogenesis in transgenic
mice and the rds mouse, respectively. In the RCS rat, an
unknown genetic defect affects the ability of the RPE to
phagocytose outer segment disks [Mullen and LaVail,
1976].

When myosin VIIa was detected by thick-section
immunofluorescence in the apical RPE (and nowhere else
in the retina), it was suggested that retinitis pigmentosa in
USH1B patients might result from a defect in the ability
of the RPE to carry out its normal phagocytotic role in
disk membrane turnover [Hasson et al., 1995]. Although
this suggestion might still be correct, our finding that the
connecting cilium has the highest concentration of myo-
sin VIIa in the retina suggests that photoreceptor degen-

eration in USH1B patients might result from a defective
cilium.

To our knowledge, the present paper is the first to
report localization of an unconventional myosin within a
cilium. Conventional myosin (myosin II) has been de-
tected in the photoreceptor cilium, but it appeared to be in
the center of the cilium and only in the distal cilium,
adjacent to the base of the outer segment disks [Williams
et al., 1992]. A role for myosin VIIa in the connecting
cilium of photoreceptor cells might be the transport of
newly synthesized outer segment proteins to the site of
disk membrane assembly (i.e., along the length of the
connecting cilium). Countering this suggestion, however,
is the observation that destruction of the actin filaments in
the cilium by cytochalasin D does not prevent newly
synthesized phototransductive membrane from reaching
the distal cilium, at least in the short term [Williams et al.,
1988].

Although newly synthesized outer segment proteins
must be transported from the inner segment to the outer
segment, an important function of the photoreceptor
connecting cilium is to provide a barrier against diffusion
between the inner and outer segments [Spencer et al.,

Fig. 11. Longitudinal section of the cilium of a mouse rod photorecep-
tor cell immunogold labelled with myosin VIIa antibody pAb 2.2.
Scale bar5 200 nm.

Fig. 12. Part of a rat retina that was immunogold labelled with myosin
VIIa antibody pAb 2.2 showing the connecting cilia of several rod
photoreceptor cells in longitudinal section. Scale bar5 500 nm.

Fig. 13. Part of a mouse retina that was immunogold labelled with
myosin VIIa antibody pAb 2.2 showing the connecting cilia of several
rod photoreceptor cells in longitudinal section. Scale bar5 500 nm.

Fig. 10. Double immunofluorescence of an isolated rat photoreceptor
cell outer-inner segment.a: Phase micrograph. O, outer segment; I,
inner segment; C, connecting cilium.b: Immunolabelling by pAb 2.2,
which was detected by a secondary antibody conjugated to rhodamine.
Only the proximal cilium (i.e., connecting cilium) is labelled.c:

Immunolabelling by antibody against centrin, which was detected by a
secondary antibody conjugated to fluorescein isothiocyanate (FITC).
Anticentrin labels the basal bodies and both the proximal and distal
domains of the cilium. Arrowhead indicates basal bodies. Scale bar5
10 µm.
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Figures 11–13.



1988; Besharse and Horst, 1990]. Maintenance of this
barrier may be an active process and may require a
molecular motor, such as myosin VIIa, suggesting an
alternative ciliary function for this protein.

Usher Syndrome

In addition to visual and hearing abnormalities,
some USH patients have also been found to have deficient
olfaction [Zrada et al., 1996], decreased sperm motility
[Hunter et al., 1986], abnormal nasal cilia [Arden and
Fox, 1979], bronchitis [Bonneau et al., 1993], and asthma
[Baris et al., 1994]. Because all of these abnormalities
might result from a ciliary defect, it has been suggested
that such a defect might be the basis of some forms of
Usher syndrome [see, e.g., Hunter et al., 1986; Zrada et
al., 1996]. It is unclear from these reports, however,
whether any USH1B patients were included in these
studies and, thus, whether they have any of these other
tissue abnormalities. Consequently, two questions arise.

Fig. 14. Transverse section of two connecting cilia from photoreceptor
cells in a mouse retina that was immunogold labelled with myosin VIIa
antibody pAb 2.2. Each dark-staining structure in the cilia is a
microtubule doublet. I, photoreceptor inner segment. Scale bar5 200
nm.

Fig. 15. Histograms of gold particle counts in different domains of the
retina. a: Human retinae immunogold labelled with myosin VIIa
antibody pAb 2.2.b: Human retinae immunogold labelled with myosin
VIIa antibody pAb 1.c: Mouse retinae immunogold labelled with
myosin VIIa antibody pAb 2.2. RPE, retinal pigment epithelium; CC,
connecting cilium; DC distal cilium; OS, outer segment; IS, inner
segment; ST, synaptic terminal; ES, extracellular space surrounding the
inner and outer segments (nontissue background control). Histograms
indicate mean number of gold particles per µm2; error bars indicate
standard error of the mean.
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First, does myosin VIIa function in cilia in general?
The photoreceptor connecting cilium corresponds to the
transition zone of a motile cilium [Ro¨hlich, 1975; Be-
sharse and Horst, 1990], and Northern and Western blot
analyses and in situ hybridization studies have indicated
expression of myosin VIIa in the ear, lung, kidney, testis,
and olfactory epithelia in addition to the retina [Gibson et
al., 1995; Hasson et al., 1995; Weil et al., 1996]. To date,
immunocytochemistry has only been performed on the
retina and cochlea. In the latter, it has been found in
mature hair cells [Hasson et al., 1995], but the possibility
of localization in the kinocilium, which is present only
during development of the cochlea [Kikuchi and Hilding,
1965], has not yet been explored.

Second, despite the genetic heterogeneity of Usher
syndrome, might defective cilia be a common underlying
cause? Abnormal photoreceptor connecting cilia that
contain additional microtubules have been described in
photoreceptor cells of two USH2 patients [Hunter et al.,
1986; Barrong et al., 1992]. Combining these observa-
tions with our results leads to the suggestion that photore-
ceptor degeneration in different types of Usher syndrome
might be caused by a defect in the photoreceptor connect-
ing cilium. It is noteworthy that abnormalities in olfaction
[Zrada et al., 1996], sperm motility [Hunter et al., 1986],
and the structure of nasal cilia [Arden and Fox, 1979]

were described from groups containing both USH1 and
USH2 patients, and, in the study by Zrada et al. [1996], it
was specifically noted that both USH1 and USH2 patients
had defective olfaction.

In conclusion, we have described the specific local-
ization of myosin VIIa in the photoreceptor connecting
cilium and suggest that retinitis pigmentosa in USH1B
patients might result from a defect in this structure. It will
be interesting to determine whether myosin VIIa is a
component of all cilia and whether the genes that are
defective in other types of Usher syndrome encode for
other components of the photoreceptor connecting cilium.
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