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The transport of the photopigment rhodopsin from the inner segment to the
photosensitive outer segment of vertebrate photoreceptor cells has been one of the
main remaining mysteries in photoreceptor cell biology. Because of the lack of
any direct evidence for the pathway through the photoreceptor cilium, alternative
extracellular pathways have been proposed. Our primary aim in the present study
was to resolve rhodopsin trafficking from the inner to the outer segment. We
demonstrate, predominantly by high-sensitive immunoelectron microscopy, that
rhodopsin is also densely packed in the membrane of the photoreceptor connecting
cilium. Present prominent labeling of rhodopsin in the ciliary membrane provides
the first striking evidence that rhodopsin is translocated from the inner segment to
the outer segment of wild type photoreceptors via the ciliary membrane. At the
ciliary membrane rhodopsin co-localizes with the unconventional myosin VIIa,
the product of human Usher syndrome 1B gene. Furthermore, axonemal actin was
identified in the photoreceptor cilium, which is spatially co-localized with myosin
VIIa and opsin. This actin cytoskeleton of the cilium may provide the structural bases
for myosin VIIa-linked ciliary trafficking of membrane components, including rho-
dopsin. Cell Motil. Cytoskeleton 46:95–107, 2000.© 2000 Wiley-Liss, Inc.
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INTRODUCTION

Vertebrate photoreceptor cells are highly special-
ized and polarized neurons, divided into several morpho-
logically and functionally distinct compartments (Fig.
1a): the photoreceptor outer segment and inner segment
continuing into the perikaryon and the synaptic region,
where the electrical signal generated in the photoreceptor
cell is transmitted to other neurons of the neuronal retina.
The two segments of photoreceptor cells are linked by a
thin cellular bridge, the modified nonmotile connecting
cilium. Photoreceptor outer segments contain hundreds
of flattened membrane disks bearing all components of
the visual transduction cascade. The phototransductive
membranes of the outer segment are continually renewed
throughout the lifetime of the individual. Newly synthe-
sized membrane is added at the base of the outer segment
by the expansion of the plasma membrane [Steinberg et
al., 1980] or by incorporation of vesicular structures into
nascent disk membranes [Usukura and Obata, 1995],
whereas disks at the distal tip of the outer segment are

phagocytized by the cells of the retinal pigment epithe-
lium [Young, 1976].

However, rhodopsin, the most prominent mem-
brane protein of outer segment membranes (;85% of
total outer segment protein) [Hall et al., 1969; Corless et
al., 1976], is synthesized at the rough endoplasmic retic-
ulum in the proximal inner segment and therefore, a large
number of newly synthesized rhodopsin molecules
(;107 molecules/day per cell) must be transported to the
base of the outer segments. Immunocytochemical studies
conducted by Papermaster et al. [1985, 1986] indicate
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that rhodopsin is transported in post-Golgi membrane
vesicles to the base of the connecting cilium through the
inner segment. Analysis of rhodopsin-bearing vesicles
after subcellular fractionation of photoreceptor mem-
branes showed that small G-proteins are apparently in-
volved in the sorting of Golgi vesicles during their jour-
ney through the inner segment [for review, see Deretic
and Papermaster, 1995]. Recent studies indicate that the
C-terminal domain of rhodopsin is involved in the reg-
ulation of post-Golgi sorting [Deretic et al., 1998;
Chuang and Sung, 1998] and, furthermore, that the di-
rectional trafficking is driven along the cellular microtu-
bule network by cytoplasmic dynein interacting directly
with the C-terminal domain of rhodopsin [Tai et al.,
1999]. Although there is also considerable evidence that
these rhodopsin-laden post-Golgi vesicles fuse with the
plasma membrane of the apical inner segment at the
perciliary region [Papermaster et al., 1985, 1986], the
final step of rhodopsin delivery to the base of the outer
segment remains unknown; the mechanism has remained
an enigma for decades [Besharse and Horst, 1990].

Four different hypotheses have been under discus-
sion: In Young’s early studies, it was suggested that
rhodopsin is transported through the cytoplasm of the
lumen of the connecting cilium [Young, 1967, 1968;
Young and Droz, 1969]. Subsequently, it was generally
assumed that rhodopsin remains after its synthesis in the
rough endoplasmic reticulum (rER) and during its traf-
ficking through the inner segment in membrane compart-
ments [Papermaster et al., 1985; see review Besharse,
1986]. Richardson [1969] assumed that rhodopsin is
transferred via a cytosolic bridge between inner and outer
segments separate from the connecting cilium occasion-
ally observed by electron microscopy, but this linkage
turned out to represent fixation artifacts [Besharse,
1986]. Most investigators have favored the ciliary mem-
brane model for rhodopsin transport, which describes
rhodopsin transport in the membrane of the connecting
cilium of photoreceptors [Matsusaka, 1974; Ro¨hlich,
1975; Besharse and Pfenninger, 1980; Nir and Papermas-
ter, 1983; Peters et al., 1983; Papermaster et al., 1985;
Besharse et al., 1985]. Although many research efforts
have been directed toward a ciliary pathway for opsin
delivery, as is commonly cited, clear direct evidence
supporting the ciliary transport model was lacking [see
review Besharse and Horst, 1990]. By contrast, the fourth
hypothesis of an extracellular vesicular transport of rho-
dopsin has been supported by some experimental studies
on amphibian photoreceptor cells [Besharse and Wetzel,
1995].

The present report provides striking evidence that
rhodopsin is transported in the membrane of the connect-
ing cilium from the inner segment to the outer segment of
photoreceptor cells. Applying improved, highly sensitive
immunoelectron microscopic labeling, in the membrane
of the photoreceptor cilium, rhodopsin molecules are
densely labeled by monoclonal antibodies against bovine
rod opsin. Our studies show that during the ciliary pas-
sage of rhodopsin to the outer segment, rhodopsin co-
localizes with myosin VIIa, the product of human Usher
syndrome 1B gene. Furthermore, we have identified actin
for the first time in the connecting cilium of photorecep-
tors. Membrane-associated dimers of the unconventional
myosin VIIa act most probably as molecular motors for
the ciliary membrane trafficking along axonemal actin
filaments. Our present results also support the hypothesis
that the symptoms of Usher syndrome are caused by
defects in the function of sensory cilia [Barrong et al.,
1992; Liu et al., 1997].

MATERIALS AND METHODS
Animals and Tissue Preparation

All experiments described in this report conform to
the statement by the Association for Research in Vision

Fig. 1. Schematic representations of vertebrate rod photoreceptor
cell (a) and rhodopsin (b). a: Vertebrate photoreceptor cells are di-
vided into distinct anatomic compartments: The photosensitive outer
segment (OS), which contains stacks of hundreds of membrane disks
(D); the inner segment (IS), which contains the biosynthetic machin-
ery, including the endoplasmic reticulum (ER), the Golgi apparatus
(GA), and numerous of mitochondria; the perikaryon (PK), which
contains the nucleus (N); and the synaptic terminal (ST) with the
characteristic synaptic ribbons (SR). The only cytoplasmic linkage is
between the OS and the IS the nonmotile connecting cilium (CC). b:
The visual pigment rhodopsin is a G-protein-coupled 7-transmem-
brane receptor with its C-terminus facing the cytoplasm and its N-
terminus directed into the lumen of transport vesicles or the outer
segment disks. Monoclonal antibody (MAb) to bovine rhodopsin were
used that recognize residues at the N-terminus and the C-terminus. As
an unrelated peptide, a peptide of the sequence of the third cytoplasmic
loop (gray) was used in preincubation assays.
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and Ophthalmology as to care and use of animals
in research. Adult Sprague-Dawley albino rats and
C57BL76 mice were maintained on a 12/12 light/dark
cycle with lights on at 6 a.m., and food and water ad
libitum. After sacrifice of the animals in CO2, retinas
were removed through a slit in the cornea before fixation
and embedding for electron microscopy or biochemical
analysis. Bovine eyes were obtained from the local
slaughterhouse and were kept on ice in the dark until
further processing. The human retina processed in the
present study was isolated from an eye of a 64-year-old
female donor. The tenets of the Declaration of Helsinki
were followed.

Antibodies

Monoclonal antibodies (MAbs) against bovine rod
opsin were B6-30a1, K16-155, and R2-15, previously
described by Adamus et al. [1988, 1991]. Epitope map-
ping has shown that B6-30a1 (N1) and R2-15 (N2) react
with an N-terminal peptide, while K16-155 reacts with a
C-terminal peptide (Fig. 1b). In immunological experi-
ments, the anti-opsin monoclonals were applied sepa-
rately or were used in a cocktail of all three clones
(1:1:1), respectively.

Myosin VIIa antibodies were generated and puri-
fied as described by Liu et al. [1997]. In the present
paper, we used antibodies made against a recombinant
protein, corresponding to amino acids 941–1071 of
mouse myosin VIIa. The antibody depicted in all the
figures of the present paper is the one referred to as pAb
2.2 by Liu et al. [1997].

A mouse monoclonal antibody (MAb) against
chicken gizzard actin (clone C4) has been previously
characterized and used successfully in immunoelectron
microscopy [Lessard, 1988; Wolfrum, 1991, 1997].
Mouse monoclonal antibodies againsta-tubulin (clone
DM 1A) and acetylateda-tubulin (clone 6-11B-1) were
purchased from Sigma Chemical Co. (Deisenhofer, Ger-
many).

Peptide Preincubation of Anti-Opsins

Although the MAb against bovine rod opsin used in
the present study have been previously characterized by
Adamus et al. [1988, 1989], additional tests for their
specificity in rodent tissue were run. For control experi-
ments, anti-opsin MAb were preincubated with specific
peptides of the C-terminus (D-69 bovine rhodopsin (Brh)
amino acids (aa) 324–348: GKNPLGDDEASTTVSK-
TETSQVAPA) or the N-terminus (A-16 Brh aa 3–14:
GTEGPNFYVPFS), respectively, as well as an unrelated
peptide of the third cytoplasmic loop (D-70 Brh aa 231–
252: KEAAAQQQESATTQKAEKEVTR) of bovine rod
opsin diluted in PBS (1.5 mg/ml) for 1 h at room tem-

perature before immunological detection in Western
blots or immunoelectron microscopy.

Western Blot Analysis

For Western blots, isolated retinae were homoge-
nized and placed in sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) sample buffer (62.5
mM Tris buffer, 10% glycerol, 2% SDS, 5% mercapto-
ethanol, 1 mM EDTA, 0.025 % bromphenol blue, pH
6.8). Proteins were separated by SDS-PAGE, transferred
electrophoretically to Immobilon-P, blocked, and probed
with primary and secondary antibodies [Wolfrum, 1995].
The latter was conjugated to alkaline phosphatase, so that
labeling was detected by the formation of the insoluble
product of 5-bromo-4-chloroindoyl phosphate hydrolysis.

Axoneme Preparation

Photoreceptor axonemes were purified from iso-
lated bovine retinas, using sucrose density gradients in
combination with cytoskeleton extraction according to
Horst et al. [1987; Fleischman et al., 1980; Pagh-Roehl
and Burnside, 1995]. The bovine retinae were isolated
and suspended in 50% sucrose in HERT buffer (4 mM
NaHCO3, 0.18 mM sucrose, 2.1 mM HEPES, 0.1 mM
ascorbic acid, 0.5 mM taurine, 13 Earle’s balanced salt
solution (EBSS) (Sigma), pH 7.5). After vigorous shak-
ing for 1 min to shear off outer segments containing the
connecting cilium, the photoreceptor fragments were iso-
lated from the remainder of the retina by centrifugation
on a 50% sucrose gradient in HERT buffer and purified
in a second step, using a continuous 25–50% sucrose
gradient in HERT buffer. Photoreceptor fragments were
enriched by centrifugation on 50% sucrose in HERT
buffer and sedimented by decreasing the sucrose concen-
tration [cf. Fleischman et al., 1980; Horst et al., 1987;
Pagh-Roehl and Burnside, 1995]. For cytoskeleton ex-
tractions, pellets were resuspended in a cytoskeleton
extraction buffer (100 mM HEPES, 100 mM MgSO4, 10
mM EGTA, 100 mM KCl, 1% dimethylsulfoxide
(DMSO), 100 mM DTT, 0.5 mM GTP, 50mg phalloidin,
1 mM taxol, 1% Triton X-100, 24mM leupeptin, 0.2 mM
PMSF, pH 7.4) and incubated for 1 h on ice. The axon-
emes were then isolated by centrifugation on a discon-
tinuous sucrose gradient (40%, 50%, and 60% sucrose)
in CMOD-buffer containing 100 mM HEPES, 10 mM
MgSO4, and 100 mM KCl (pH 7.4). Fractions of the
gradient containing axonemes were analyzed by optic
microscope, collected and placed in SDS-PAGE sample
buffer. After transblotting, as above, immunoreactivity to
the antibodies used was determined.

Immunoelectron Microscopy

Isolated retinae were fixed in 0.1% glutaraldehyde
and 4% paraformaldehyde in 0.1 M phosphate buffer (pH
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7.4) for 3 h atroom temperature. Fixed tissue was dehy-
drated to 98% ethanol, embedded in LR White hard
(Science Services, Munich, Germany), and polymerized
at 4°C under ultraviolet (UV) light for 48–60 h.

Ultrathin sections (60–70 nm) were cut on a Leica
Ultracut S and were collected on Formvar-coated nickel
grids. Sections were first etched with saturated sodium
periodate (Sigma) at room temperature for 3–5 min. The
grids were preincubated with 0.1% Tween 20 in phos-
phate-buffered saline (PBS), then blocked with 50 mM
NH4Cl in PBS and in blocking solution (0.5% fish gelatin
(Sigma) plus 0.1% ovalbumin (Sigma) in PBS). Sections
were incubated with primary antibodies diluted in block-
ing solution at 4°C for 60 h, washed once in PBS and
twice in a mixture of 0.1% ovalbumin, 0.5% cold-water
fish gelatin, 0.01% Tween 20, 0.5 M NaCl in 10 mM
phosphate buffer, pH 7.3 (IgG-gold buffer). The sections
were incubated for 2 h with goat anti-mouse or anti-
rabbit Fab conjugated to nanogold™ (Nanoprobes, Stony
Brook, NY), diluted in IgG-gold buffer. Washed sections
were postfixed in 2% glutaraldehyde for 10 min and
air-dried. The nanogold™ labeling was silver-enhanced
for 25 min at room temperature as described by Danscher
[1981]. The grids were then washed in distilled water and
stained with 2% ethanolic uranyl acetate for 10 min
before examination in a Zeiss EM 912V, Zeiss EM 900,
or LEO EM 906 electron microscope. For contrast en-
hancement, scattered electrons were analyzed using the
V-filter system of the Zeiss EM 912V electron micro-
scope in the zero-loose mode.

For immunoelectron microscopic double-labeling,
ultrathin LR White sections through mouse retinae were
incubated first with a cocktail of primary antibodies
(mouse anti-opsins MAb and anti-myosin VIIa antiserum
from rabbit) in blocking buffer at least for 60 h. To
visualize antibody reaction sites, secondary antibodies
conjugated to gold particles of different sizes (10 nm
colloidal gold-coupled goat anti-rabbit IgG and goat anti-
mouse Fab9-1.4 nm nanogold™ and vice versa (Nano-
probes or Aurion, Wageningen, The Netherlands) were
applied mixed together in IgG-gold buffer. The time for
silver enhancement of double-stained (1.4-nm and 10-nm
gold particles) sections was reduced to 20 min.

Quantification of Immunolabeling

Immunoelectron microscopic labeling of different
membrane regions and ciliary domains of rat photorecep-
tor cells were quantified by counting silver-enhanced
gold particles on electron microscopic micrographs of
ultrathin sections. Anti-opsin labeling of different mem-
brane regions was determined from longitudinal sections
through 30 photoreceptor cells of three rats. Data on
ciliary domains were obtained from cross sections
through 12 connecting cilia for the anti-myosin VIIa and

the anti-actin labeling, or through 17 connecting cilia for
anti-opsin labeling, respectively from two rats.

RESULTS

Epitope mapping has shown that the MAbs used in
the present study react with the specific domains of
bovine rod opsin indicated in Figure 1b [Adamus et al.,
1988, 1991]. The antibody clone K16-155 reacted with a
peptide of the C-terminus, while the antibodies of the
clones R2-15 and B6-30A1 bind to the N-terminal end of
bovine opsin. To demonstrate their specificity in tissue of
other mammals and on retinal sections, we have per-
formed additional tests including preincubation of the
antibodies with specific bovine opsin peptides.

Anti-Opsin Western Blot Analysis of
Retinal Lysates

In Western blot analyses of retinal proteins of all
mammalian species investigated (human, mouse, rat, bo-
vine), a cocktail of all 3 MAbs to bovine rod opsin mixed
together, as well as the three separate MAbs recognized
two peptide bands, one at about 35 kDa, the estimated
molecular weight of an opsin monomer and the higher-
molecular-weight dimeric opsin commonly found after
SDS-PAGE (Fig. 2). The labeling of opsin was inhibited
when the C-terminal antibody (K16-155) was preincu-
bated with the C-terminal peptide and when the N-ter-
minal antibodies (R2-15; B6-30A1) were preadsorbed
with the N-terminal peptide. By contrast, incubation of
the C-terminal antibody was not inhibited with either the
N-terminal peptide or a peptide of the third cytoplasmic
loop of bovine opsin (loop-peptide). In addition, pread-
sorption of the N-terminal antibodies with neither C-
terminal peptide nor the loop-peptide interfered with
opsin recognition in retina lysates by the antibody (Fig. 2).

Anti-Opsin Immunolabeling of Photoreceptor
Cells

In ultrathin sections of human and rodent retinae
embedded in LR White, silver-enhanced immunogold
labeling with MAb to bovine rod opsin was restricted to
rod photoreceptor cells. By contrast, in cone photorecep-
tor cells, which express cone opsins different to rod
opsin, the labeling was not above background staining
(Fig. 3). In rod photoreceptor cells, most prominent la-
beling of opsin was observed as expected at disk mem-
branes of outer segments (Figs. 3b,c, 4). Immunogold
labeling of opsin was inhibited when the MAbs to opsin
were preincubated with specific peptides (Fig. 4b). By
contrast, preincubation with peptides unrelated to bovine
opsin, as well as peptides of different opsin domains, did
not inhibit immunogold staining of opsin (Figs. 3c, 4a,c).
In rod photoreceptor cells, additional anti-rod-opsin la-
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beling was present in the biosynthetic active membranes
of the ER and the Golgi apparatus as well as at the apical
domains of the cytoplasmic membrane of inner seg-
ments. Moreover, applying our highly sensitive detection
method of silver-enhanced nanogold™ labeling, in con-
trast to previous investigations (see introduction), dense
labeling of rod opsin was also observed in the membrane
of the connecting cilium in wild type mammals and
human (Fig. 4a,c). While the MAb against the N-terminal
domain (clones R2-15 and B6-30A1) show about the
same dense labeling, clone K16-155 directed against the
C-terminal of bovine opsin stains the ciliary membrane
much weaker (data not shown), indicating that C-termi-
nal epitopes of some opsin molecules are probably
masked by associated molecules. Therefore, for quanti-
fication purposes, longitudinal sections through rat pho-
toreceptor cells were labeled with the anti-opsin MAb
cocktail composed of MAbs against C- and N-terminal
domains. For this quantification of immunogold labeling
of opsin, the number of silver-enhanced gold particles
per membranemm were determined at different domains
of the photoreceptor membrane (Fig. 5a). To confirm the
localization of rhodopsin in the membrane of the con-

necting cilium of photoreceptor cells, we have also de-
termined the number of silver-enhanced gold particles
per ciliary cross section of different subciliary domains
of the rod connecting cilium. The quantitative results are
shown in Figure 5b. Our investigations showed that opsin
was most abundant in the outer segment disk membrane.
However, in comparison, the membrane of the connect-
ing cilium displayed significantly more, about 2.5-fold
more, rhodopsin than the membrane of the apical inner
segment.

Western blot analysis of proteins of an axonemal
preparation from isolated bovine photoreceptor cells
demonstrates that the cocktail of the three MAb to bovine
opsin epitopes also recognizes two opsin bands (Fig. 6,
lane 2). Sincetrans-membrane proteins including opsin
are commonly extracted by detergents, the remaining of
opsin in the detergent-treated cytoskeletal fraction is
unusual and may indicate an association with cytoskel-
etal proteins of the cilium.

Myosin VIIa Is a Membrane-Associated Motor
Protein in the Photoreceptor Cilium

Given a ciliary pathway of the intersegmental
transport of rhodopsin in photoreceptor cells, the ques-
tion of which molecular motors are involved in this
ciliary membrane transport arises. In vertebrate photore-
ceptor cells, several members of the superfamily of ki-
nesins have been immunocytochemically localized at the
connecting cilium [Beech et al., 1996; Muresan et al.,
1997]. However, a convincing direct association of a
motor protein with the ciliary membrane in mammalian
photoreceptors has only been shown for the unconven-
tional myosin VIIa [Liu et al., 1997; present study] (Figs.
7, 8). In the present study, quantification of silver-en-
hanced immunogold labeling of myosin VIIa in ultrathin
transversal sections through rat photoreceptor cilia pro-
vided additional evidence for myosin VIIa linkage with
the ciliary membrane and the spatial vicinity to rhodop-
sin pathing through the ciliary membrane (Fig. 5c).
Quantitative evaluation of silver-enhanced gold particles
in different domains of the connecting cilium revealed
that myosin VIIa localization is almost exclusively re-
stricted to the ciliary membrane domain while any label-
ing of myosin VIIa in the ciliary lumen was absent.

Verification of Ciliary Myosin VIIa/Rhodopsin
Co-localization by Immunoelectron Microscopic
Double-Labeling

To confirm that myosin VIIa and rhodopsin were
spatially associated at the membrane domain of the pho-
toreceptor connecting cilium, immunoelectron micro-
scopic double-labeling with anti-myosin VIIa serum and
anti-opsin MAbs were performed. For the discrimination
between reaction sites of both types of immunochemi-

Fig. 2. Western blot analysis of monoclonal antibodies (MAbs)
against bovine rod opsin in rat retina protein preparations.Lane 1,
determination that the cocktail of 3 MAb (N1, N2, and C) recognizes
opsin bands (arrowheads) in a rat retina protein sample;lane 2, labeled
with N1 MAb B6-30a1 preincubation with the third loop peptide (L);
lane 3, labeled with N1 MAb B6-30a1 after preincubation with the
N-terminal peptide (N);lane 4, labeled with N2 MAb R2-15 preincu-
bation with the third loop peptide (L);lane 5, labeled with N2 MAb
R2-15 after preincubation with the N-terminal peptide (N);lane 6,
labeled with C MAb K16-155 preincubation with the third loop
peptide (L);lane 7, labeled with C MAb K16-155 after preincubation
with the C-terminal peptide (C). Preadsorption of MAbs against opsin
with the specific competitive peptide completely inhibits immu-
norecognition of opsin. Arrowhead indicates opsin monomers; double-
arrowhead indicates artificially formed opsin dimers.)

Rhodopsin Transport in Photoreceptors 99



cals, secondary antibodies conjugated to gold particles of
different sizes, nanogold™ probes (1.4-nm) and 10-nm
colloidal gold, were used. Electron microscopic analysis
of double-labeled ultrathin sections through mouse pho-
toreceptor cells convincingly demonstrated co-localiza-
tion of myosin VIIa and rhodopsin at the membrane of
the connecting cilium (Fig. 8).

Actin Localization at the Ciliary Membrane

We reasoned that, as in all known myosins, the
myosin VIIa motile function should also be based on the
interaction with actin filaments. Previous studies by oth-
ers have been demonstrated actin filaments at the base of
the photoreceptor outer segment [Chaitin et al., 1984;
Chaitin and Bok, 1986; Arikawa and Williams, 1989;
Chaitin and Burnside, 1989; Obata and Usukura, 1992;
Usukura and Obata, 1995], where they are supposed to be
involved in disk formation interacting with conventional
myosin II [Chaitin and Coelho, 1992; Williams et al.,
1992]. In Western blot analysis of axonemal preparations
from bovine photoreceptor cells a 42-kDa band was
recognized by the well-characterized MAb to actin
(clone C4) (Fig. 6, lane 4). Moreover, present immuno-
electron microscopy provided first evidence for a mem-
brane-linked actin cytoskeleton in photoreceptor cilia. In
highly sensitive silver-enhanced immunogold labeling of

rat photoreceptor sections by anti-actin MAbs, the actin
localization was not restricted to the apical portion of the
connecting cilium at the base of the outer segment but
was also present at the cytoplasmic surface of the entire
ciliary membrane (Fig. 9). For quantification, the number
of silver-enhanced gold particles of anti-actin labeling
were determined per ciliary cross section. The histogram
presented in Figure 5d shows that in the connecting
cilium, most anti-actin label was localized at the ciliary
membrane.

DISCUSSION

Rhodopsin is Translocated in the Membrane of
the Connecting Cilium to the Photoreceptor
Outer Segment

Transport of rhodopsin from the inner segment to
the outer segment of vertebrate photoreceptor cells has
been one of the major remaining mysteries of photore-
ceptor cell biology and has been a source of controversial
discussion for decades [Besharse and Horst, 1990]. In the
absence of direct immunocytochemical evidence for a
ciliary pathway, the prevailing dogma has given prefer-
ence to an extracellular vesicular transport [Besharse,
1986; Besharse and Wetzel, 1995]. Our results reveal

Fig. 3. Immunoelectron microscopic localization of rod rhodopsin in
rat photoreceptor cells.a: Longitudinal section of part of a rat cone
photoreceptor cell.b: Transverse section at the plane of photoreceptor
outer segments.c: Longitudinal section of part of a rat rod photore-
ceptor cell. In ultrathin sections, the cocktail of the monoclonal anti-
body (MAb) B6-30a1, R2-15, and K16-155 against rod bovine opsin
specifically recognizes rhodopsin in rat rod cells. Silver-enhanced

immunogold labeling is restricted to rod photoreceptors. By contrast,
in cones, labeling is not above background staining. In rods, rhodopsin
is most intensely present in disk membranes of rod outer segments
(ROS), but is also localized in the membrane of the connecting cilium
(CC). Cone inner segment (CIS); rod inner segments (RIS); cone outer
segment (COS). Scale bars5 200 nm (a); 200 nm (b); 170 nm (c).
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that rhodopsin is also present as an integral membrane
protein in the photoreceptor connecting cilium. Weak
rhodopsin labeling in the photoreceptor cilium has pre-
viously been reported by several authors [e.g., Papermas-
ter and Schneider, 1982; Nir et al., 1984, 1987, 1989; Nir
and Papermaster, 1983, 1986, 1989; Hicks and Barn-
stable, 1986; Besharse et al., 1985]. These reports of
weak opsin immunoreactivity in the ciliary membrane
have been a major obstacle to accepting a ciliary trans-
port of rhodopsin [Besharse, 1986; Besharse and Horst,
1990].

In contrast to previous studies, the sensitivity of
immunoelectron microscopy has been increased by a
combination of several technical improvements, in the
present investigation. To minimize steric interference of
colloidal gold particles coupled to secondary antibodies,
ultra small gold probes (nanogold) were used for immu-
nolabeling, which were visualized for biological electron
microscopy by silver enhancement. In addition, etching
of the LR White ultrathin sections before postembedding
immunogold labeling should increase the number of an-
tigenic epitopes presented at the surface of the ultrathin

section. Furthermore, to avoid the physiological epitope
masking of rhodopsin in the ciliary membrane by asso-
ciated molecules which were previously discussed [Be-
sharse et al., 1985; Bok, 1985], we used a cocktail of
MAbs against opsin or MAbs against the N-terminal of
opsin which should be exposed at the extracellular face
of the ciliary membrane. In addition, using Western blot
analysis as well as immunoelectron microscopy, the
present experiments of peptide preincubation of the bo-
vine rod opsin MAbs demonstrate high epitope specific-
ity of the MAbs employed. Previous estimations found
the number of opsin molecules in the connecting cilium
of wild-type photoreceptors to be too small for intense
immunoelectron microscopic labeling [Liu et al., 1999].
However, our methodology modifications have permitted
visualization of rhodopsin by immunoelectron micros-
copy, not only in the membranes of inner and outer
segments, but also, for the first time, densely localized in
the membrane of photoreceptor connecting cilia of wild-
type mammals, including human. The cocktail of MAb
of bovine rod opsin and the MAb against the N-terminus
of bovine rod opsin also react significantly with rhodop-

Fig. 4. Immunoelectron microscopic analysis of the monoclonal an-
tibody (MAb) N2 (clone R2-15) against rod bovine opsin on ultrathin
sections of rat rod photoreceptors. Longitudinal section of part of a rat
rod photoreceptor cell and transverse sections through the connecting
cilium (insets) silver-enhanced immunogold by MAb N2 (clone R2-
15) (a) preincubated with the C-terminal peptide of bovine opsin, (b)
preincubated with the N-terminal peptide of bovine opsin, and (c)
preincubated with the third cytoplasmic loop peptide of bovine opsin.

Preincubation of MAb N2 with either the C-terminal peptide (a) or the
third cytoplasmic loop peptide and (c) has no effect on opsin recog-
nition in rat photoreceptors: MAb N2 (clone R2-15) most intensely
label the disk membranes in the rod outer segment but also stains the
membrane of photoreceptor connecting cilia in longitudinal and trans-
verse ciliary sections. Preincubation with the specific competitive
N-terminal peptide completely inhibits immunoreactivity of MAb N2
(clone R2-15) (b). Scale bars5 250 nm; 125 nm (insets).
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sin in the connecting cilium, showing that the ciliary
rhodopsin is not in a nonimmunoreactive conformation,
as suggested by Hicks and Barnstable [1986, 1987] to
explain weak anti-opsin staining. The present Western
blot analysis of axonemal protein preparation of bovine
photoreceptor cells may further support the ciliary trans-
port of rhodopsin.

We conclude, on the basis of immunoelectron mi-
croscopy, that the numerous rhodopsin molecules we
have detected as integral membrane proteins in the con-
necting cilium are on their passage through the cilium
from the inner segment to the base of the outer segment
of photoreceptor cells. We have gathered significant ev-
idence for the ciliary membrane pathway of rhodopsin
transport between the inner and outer segment, which has
been predicted from early biological electron micro-
scopic examination of retinal cells. Our results are con-
sistent with observation by confocal microscopy showing
strong anti-opsin immunofluorescence at the connecting
cilium [Matsumoto and Hale, 1993]. Further confirma-
tion of our data comes from results obtained by freeze-
fracture experiments indicating the presence of particles
in the ciliary membrane of photoreceptors that are similar
in shape and size to rhodopsin particles localized in the
disk membrane of outer segments [Matsusaka, 1974;

Röhlich, 1975; Besharse and Pfenninger, 1980; Roof and
Heuser, 1982; Besharse et al., 1985; Miyaguchi and
Hashimoto, 1992]. In addition, investigations on shaker1
mouse mutants showed that rhodopsin is present in the
ciliary membrane in photoreceptors gathered under arti-
ficial pathological conditions [Liu et al., 1999] (C. Bode
and U. Wolfrum, unpublished observations).

Molecular Motors Supporting the Vectorial
Transport of Rhodopsin Through the
Connecting Cilium

Given that rhodopsin is translocated from the inner
segment to the outer segment via the connecting cilium
incorporated in the ciliary membrane, an efficient mech-
anism for the unidirectional delivery of membrane com-
ponents through the ciliary membrane must exist. Quan-
titative analysis of the components involved in disk
assembly reveals that in the development as well as in the
renewal of outer segments, throughout lifetime of mam-
malian photoreceptor cells, 2000 rhodopsin molecules
and 0.1mm2 of membrane per minute must pass through
the short and slender cilium (in mammals, the cilium
measures about 1mm in longitudinal extension and,0.2
mm in diameter) [Besharse, 1986]. To realize such highly
directed rhodopsin transport, cellular motor proteins

Fig. 5. Histograms of quantitative analysis of immunelectron micro-
scopic localization.a: Silver-enhanced gold particle counts of anti-
opsin immunolabeling at membrane domains and the cilium of rat rod
photoreceptor cells. Histogram indicates mean number of gold parti-
cles permm membrane.b: Silver-enhanced gold particle counts of
anti-opsin immunolabeling at domains of the connecting cilium of rat
rod photoreceptor cells. Histogram indicates mean number of gold
particles per cilium transverse section.c: Silver-enhanced gold particle
counts of anti-myosin VIIa immunolabeling at domains of the con-

necting cilium of rat rod photoreceptor cells. Histogram indicates
mean number of gold particles per cilium transverse section.d: Silver-
enhanced gold particle counts of anti-actin immunolabeling at domains
of the connecting cilium of rat rod photoreceptor cells. Histogram
indicates mean number of gold particles per cilium transverse section.
CL, ciliary lumen; M/A, domain of ciliary membrane, including ciliary
submembrane domains; OS, outer segment disk membrane; Mci, cil-
iary membrane; IS, inner segment membrane; M, ciliary membrane.
Error bars5 standard error of the mean.
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likely contribute in the ciliary trafficking of rhodopsin.
Recently we have shown that a dynein light chain binds
directly to the C-terminus of rhodopsin and proposed that
in the inner segment, cytoplasmic dynein mediates the
microtubule-based minus-end directed vectorial translo-
cation of rhodopsin bearing vesicles from the post-Golgi
network to the basal body region at base of the connect-
ing cilium [Tai et al., 1999]. However, the molecular
motor system to which rhodopsin is handed over from
the cytoplasmic dynein for its passage through the con-
necting cilium has not yet been identified. Since micro-
tubules are the characteristic cytoskeletal elements in
ciliary axonemes, plus-end directed microtubule-based
transport molecules are attractive candidates for the cil-
iary transport. Indeed, in cilia of vertebrate photorecep-
tors, members of the kinesin superfamily proteins (KIFs)
have been identified [Beech et al., 1996; Muresan et al.,
1997; Whitehead et al., 1999]. Therefore, these microtu-
bule-based plus-end-directed mechanochemical motors
have been suggested to contribute to rhodopsin transport
in the photoreceptor cilium. Recent studies on KIF3A
conditional knock out mice show that KIF3A is indeed
required for the normal renewal of outer segment mem-
branes [Marszalek et al., 1998; Williams et al., 1999].
However, the ciliary transport of integral membrane pro-
tein rhodopsin does not seem to be affected in KIF3A-

deficient mice, indicating that rhodopsin transport and
disk membrane formation at the outer segment are con-
trolled by separate mechanisms [Marszalek et al., 1998;
Williams et al., 1999].

Another candidate for motor protein contributing to
ciliary transport is myosin VIIa that has been localized to
the membrane of mammalian photoreceptor connecting
cilia [present paper; and Liu et al., 1997, 1999; Wolfrum
and Schmitt, 1999]. Myosin VIIa is an unconventional
myosin with characteristic functional domains: the head,
the neck, and the tail domain. Talin-like sequence motifs
at the tail domain are responsible for membrane binding,
whereas in the neck domain, a coiled-coil motif indicates
dimer formation [Chen et al., 1996; Weil et al., 1996;
Mburu et al., 1997]. The mechanochemical ATPase func-
tion of the head domain of myosin motors is based on
filamentous actin [Hasson and Mooseker, 1997].

Actin is Spatially Co-localized With Myosin VIIa in
the Connecting Cilium

Actin filaments have been identified at the distal
cilium in the base of the outer segment by several authors
[e.g., Chaitin et al., 1984; Chaitin and Bok, 1986;
Arikawa and Williams, 1989; Chaitin and Burnside,
1989; Obata and Usukura, 1992; Usukura and Obata,
1995]. However, in the distal portion of the cilium,
myosin VIIa is absent [Liu et al., 1997] and the actin
filaments may interact with conventional myosin II
[Chaitin and Coelho, 1992; Williams et al., 1992]. In
contrast, in the proximal portion of the cilium, although
weak immunogold labeling at the ciliary membrane is
visible in previously published photographs [for example
see Figure 8 in Arikawa and Williams, 1989], it has not
been considered to be of functional significance. Our
present highly sensitive immunolabeling by nanogold™
probes clearly indicated actin localization at the mem-
brane of the connecting cilium. Localization of actin in
the photoreceptor cilium is supported by the present
Western blot analysis of axonemal protein preparations
of bovine photoreceptor cells. It is also consistent with
the identification of an actin-like protein in the axoneme
of the flagellum of the green algaeChlamydomonas
[Piperno and Luck, 1979]. Current immunoelectron mi-
croscopic techniques using MAb against actin do not
discriminate between monomeric G-actin and actin fila-
ments, and the resolution of light microscopic analysis
with fluorescent phalloidins is not high enough to iden-
tify filamentous actin in subdomains of the slender ci-
lium; however, we suggest that the actin molecules de-
tected at the ciliary membrane form single filaments,
which are common cytoskeletal elements in the mem-
brane skeleton of eukaryotic cells [Isenberg and Niggli,
1998]. In the connecting cilium of photoreceptor cells,
ciliary actin most probably forms filaments that run un-

Fig. 6. Immunoblot analysis of photoreceptor axonemes. Western
blots were probed with antibodies againsta-tubulin (lane 1), opsin
MAb cocktail (lane 2), myosin VIIa (lane 3), and actin (lane 4) after
SDS-PAGE protein-separation of the cytoskeleton fraction of purified
photoreceptor axonemes isolated from bovine retinae. All four anti-
bodies recognize polypeptides at expected molecular weight.
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derneath the plasma membrane parallel to the axonemal
microtubule doublets in a longitudinal orientation.

Actin-Based Motility of Myosin VIIa Contributes
to Ciliary Transport of Rhodopsin

We conclude that, in addition to the characteristic
axonemal microtubule cytoskeleton, in photoreceptor
cilia, an actin-based cytoskeleton is present that permits
myosin motor activity. Myosin VIIa may move with their
actin-binding motor domain along axonemal actin fila-
ments pulling membrane plaques attached to the myosin
VIIa tail. This role of myosin VIIa in ciliary membrane
trafficking in photoreceptor cells is also supported by
studies on mechanosensitive hair cells in the cultured
organs of Corti, which indicate an involvement of myo-
sin VIIa in membrane translocalizations during hair cell
differentiation [Richardson et al., 1997]. Present immu-

noelectron microscopic double-labeling experiments
demonstrate that myosin VIIa and rhodopsin are spatially
co-localized in the membrane domain of the connecting
cilium, indicating functional coupling of myosin VIIa
motor function and the transport of rhodopsin through
the connecting cilium. In addition, in studies of develop-
mental stages of rat photoreceptor cells, myosin VIIa
labeling of the ciliary membrane interestingly occurs first
at day 14 postnatal, just at the time when transport of
rhodopsin to the outer segment begins (C. Bode and U.
Wolfrum, unpublished observations). Further evidence
for a direct role of myosin VIIa in ciliary rhodopsin
transport comes from studies on shaker1 mice with dif-
ferent mutations in the myosin VIIa gene [Liu et al.,
1999]. In homozygous mutants, an abnormal accumula-
tion of rhodopsin has been recently described by Liu et
al. [1999]. These findings are consistent with our unpub-

Fig. 7. Localization of myosin VIIa in the photoreceptor connecting cilium (CC). Silver-enhanced immunogold labeling of myosin VIIa in a
longitudinal section of part of a mouse rod photoreceptor cell.Inset: transversal section through the photoreceptor connecting cilium. The
proximal connecting cilium is labeled at the plasma membrane. IS, inner segment; OS, outer segment; Scale bars5 150 nm; 50 nm (inset).

Fig. 8. Co-localization of opsin and myosin VIIa in the photoreceptor connecting cilium (CC). Silver-enhanced immunogold double labeling
of opsin (small particles) and myosin VIIa (large particles) in a longitudinal section of part of a mouse rod photoreceptor cell.Inset: Transversal
section through a rod photoreceptor connecting cilium. Opsin and myosin VIIa are co-localized at the CC, indicated by white arrows. Scale
bars5 100 nm; 50 nm (inset).

Fig. 9. Localization of actin in the photoreceptor connecting cilium (CC). Silver-enhanced immunogold labeling of actin in a longitudinal
section of part of a rat rod photoreceptor cell.Inset: Silver-enhanced immunogold labeling of actin in a transverse section through the connecting
cilium of a rat rod cell. Actin filaments are labeled at the base of the outer segment (OS) (asterisk) previously described by several investigators
(see text). Applying present high sensitive immunolabeling by ultrasmall nanogold™ probes in combination with silver-enhancement, actin is
also recognized at the membrane of the CC (arrowheads). IS, inner segment. Scale bars5 150 nm; 50 nm (inset).
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lished results gathered in parallel experiments (C. Bode
and U. Wolfrum, unpublished observations). Our present
working hypothesis of the rhodopsin transport in the
ciliary membrane of photoreceptor cells is illustrated in
Figure 10. Although direct interaction between myosin
VIIa and rhodopsin has not been demonstrated, both
proteins may be components of a transport complex
probably associated with additional proteins. However, it
is also possible that myosin VIIa binds via the talin-like
domains at its tail directly to the acid phospholipids of
the ciliary membrane and transports membrane plaques,
including membrane proteins without any physical con-
tact to them.

If myosin VIIa translocates cargoes along the cili-
ary membrane with a velocity similar to that of other

dimeric unconventional myosins (e.g., myosin V), car-
goes should be transported at about 0.5mm/s [Wolenski
et al., 1995]. Estimations by Liu et al. [1999] indicate that
an average of about 150 rhodopsin molecules pass the
cilium at each time, out of which, in the present study, at
least one-fifth were decorated by the MAbs against the
N-terminus of opsin. The high number of silver-en-
hanced immunogold particles counted for the present
quantitative evaluation of immunoreactivity of the anti-
bodies against myosin VIIa indicates that, if each myosin
VIIa molecule is recognized by a single polyclonal anti-
body to myosin VIIa, at least one myosin VIIa dimer per
opsin molecule is localized in the connecting cilium.
However, even in myosin VIIa null mutants, rhodopsin
still reaches the outer segment of the photoreceptor cell
indicating that there is not a complete dependence on
myosin VIIa and perhaps some redundancy amongst
molecular motors transporting rhodopsin [Liu et al.,
1999].

Blindness in Usher 1B Patients Probably Results
From Defective Ciliary Transport of Rhodopsin

Previous reports indicate that patients with Usher
syndrome have structural abnormalities in the cilia of the
neuronal retina and other tissues [Arden and Fox, 1979;
Hunter et al., 1986; Barrong et al., 1992]. Because all
these structural changes might be caused by defects in
ciliary function, it has been suggested that ciliary dys-
function might be the basis of the degenerative processes
experienced by patients with Usher syndrome [Hunter et
al., 1986]. Our results are consistent with this hypothesis:
The retinitis pigmentosain Usher 1B patients carrying
mutated myosin VIIa genes might result from a defective
ciliary transport of outer segment components by non-
functional myosin VIIa. The failure of proper rhodopsin
transport could also cause some other types ofretinitis
pigmentosa[Roof et al., 1994; Sung et al., 1994; Tai et
al., 1999].

In conclusion, we have gathered striking evidence
that, in mammalian photoreceptor cells, rhodopsin is
transported in the membrane of the connecting cilium
from the inner segment to the outer segment. Further-
more, we have identified a motile system based on actin
and myosin VIIa at the membrane of the photoreceptor
connecting cilium and suggest that this system contrib-
utes to rhodopsin translocation in the plasma membrane
of the photoreceptor cilium. The dysfunction of ciliary
transport in photoreceptor cells may underlie theretinitis
pigmentosafound in Usher syndrome 1B patients. It will
be interesting to determine whether in photoreceptor
cilia, myosin VIIa forms a complex with rhodopsin and
additional associated proteins, which other motor pro-
teins also contribute to ciliary trafficking of rhodopsin,
and how these processes are regulated.

Fig. 10. Schematic representation of a rod photoreceptor cell illus-
trating the hypothesis of rhodopsin transport through the connecting
cilium. a: Diagram of the ciliary joint between the inner segment (IS)
and outer segment (OS).b: Enlargement of the membrane and asso-
ciated cytoskeleton compositions.c: Scheme of a transverse section
through the connecting cilium. Distribution of opsin, myosin VIIa, and
actin is shown by immunoelectron microscopy. Rhodopsin-containing
membrane plaques are transported in the plasma membrane of the
connecting cilium to the base of the outer segment, where the mem-
brane is incorporated into newly formed disks. This transport is prob-
ably driven by myosin VIIa moving along axonemal actin filaments
(small arrows). Large arrows indicate the direction of the rhodopsin
trafficking in the plasma membrane of the connecting cilium (CC).
MT, axonemal microtubule;1, 2, polarity of cytoskeletal elements.
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