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Trafficking of Membrane Proteins to Cone But Not Rod
Outer Segments Is Dependent on Heterotrimeric Kinesin-II
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Heterotrimeric kinesin-II is a molecular motor localized to the inner segment, connecting cilium and axoneme of mammalian photore-
ceptors. Our purpose was to identify the role of kinesin-II in anterograde intraflagellar transport by photoreceptor-specific deletions of
kinesin family member 3A (KIF3A), its obligatory motor subunit. In cones lacking KIF3A, membrane proteins involved in phototrans-
duction did not traffic to the outer segments resulting in complete absence of a photopic electroretinogram and progressive cone
degeneration. Rod photoreceptors lacking KIF3A degenerated rapidly between 2 and 4 weeks postnatally, but the phototransduction
components including rhodopsin trafficked to the outer segments during the course of degeneration. Furthermore, KIF3A deletion did
not affect synaptic anterograde trafficking. The results indicate that trafficking of membrane proteins to the outer segment is dependent
on kinesin-II in cone, but not rod photoreceptors, even though rods and cones share similar structures, and closely related phototrans-

duction polypeptides.

Introduction
Rod and cone photoreceptors have evolved into highly polarized
structures consisting of three distinct areas: the outer segment con-
taining membrane discs housing proteins involved in phototrans-
duction, the inner segment in which biosynthesis occurs, and the
synaptic terminal that transmits excitation by light to downstream
neurons. The inner segment (cell body) connects to an outer seg-
ment through a narrow 9 + 0 cilium and to the synaptic terminal by
a slender axon (for review, see http://webvision.med.utah.edu/).
Outer segments of rods and cones are renewed approximately every
10 d (Young, 1967; LaVail, 1976; Besharse and Hollyfield, 1979) by
disc membrane assembly at the proximal end, with concomitant disc
shedding at the distal end, and phagocytosis of shed disc membrane
by the adjacent retinal pigment epithelium (RPE) (Young and Bok,
1969; Anderson et al., 1978; Strauss, 2005). Daily renewal of ~10%
(~100 discs) of the outer segment membrane requires a high rate of
biosynthesis to replace outer segment (OS) proteins, with reliable
transport and targeting pathways.

A central question concerns the transport of membrane pro-
teins, particularly the mechanisms of targeting to the outer seg-
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ments and intraflagellar transport (IFT) through the cilium.
Rhodopsin, the visual pigment of rods, is synthesized by endo-
plasmic reticulum (ER)-associated ribosomes and exported to
the Golgi apparatus (for review, see Sung and Tai, 2000).
Rhodopsin-laden vesicles emerge from the trans-Golgi network
(TGN) to traffic along microtubules toward the minus end near
the microtubule-organizing center and to the base of the cilium
in which they fuse with the plasma membrane (Deretic, 1998;
Williams, 2002). Finally, cargo is assembled for IFT through the
cilium (Rosenbaum and Witman, 2002). IFT is thought to be
powered by heterotrimeric kinesin-II, a microtubule-based and
plus end-oriented molecular motor (Cole et al., 1992; Scholey,
2008) associated with IFT particles (Pazour et al., 2002; Baker et
al., 2003).

The kinesin superfamily consists of at least 15 members
(kinesin-1 to kinesin-13, and kinesin-14a and kinesin-14b). The
kinesin-2 subfamily consists of two anterograde motors: a ho-
modimeric and a heterotrimeric kinesin. The homodimeric
kinesin-2 [kinesin family member 17 (KIF17) subunits] is an
ortholog of OSM-3 found in Caenorhabditis elegans (Snow et al.,
2004). The heterotrimeric motor, kinesin-II, consists of KIF3A,
KIF3B, and KAP3 (kinesin-associated protein 3) subunits
(Yamazaki et al., 1995, 1996). Kinesin-II motor subunits and
homologues contain an N-terminal motor domain and globular
tail domain separated by an a-helical coiled coil. Known func-
tions of kinesin-II are diverse and include melanosome disper-
sion in melanophores, and ER-to-Golgi transport in frog cell
lines (Le Bot et al., 1998; Tuma et al., 1998); transport of flagellar
component protein complexes in Chlamydomonas rheinhardtii
(Cole et al., 1998); and ciliogenesis in Tetrahymena, C. elegans,
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and sea urchin embryos (Tabish et al., 1995; Morris and Scholey,
1997; Brown et al., 1999), as well as mammalian renal ciliogenesis
(Lin et al., 2003).

KIF3A has been found in the inner segment, at the connecting
cilium and axoneme (Whitehead et al., 1999), and at the photo-
receptor ribbon synapse (Muresan et al., 1999; tom Dieck et al.,
2005). Global mouse Kif3a knock-outs are lethal and lack cilia on
all cells of the embryonic node, which prevents leftward flow of
morphogen and results in left-right asymmetry defects (Marsza-
lek et al., 1999). Inactivation of KIF3A in renal epithelial cells
prevented formation of primary cilia and caused mislocalization
of EGF receptor, mimicking the phenotype observed in polycys-
tic kidney disease (Lin et al., 2003). Rod-specific Kif3a knock-out
with mouse lines expressing Cre recombinase in rod photorecep-
tors caused rapid photoreceptor degeneration and abnormal ac-
cumulations of opsin in the rod inner segment (Marszalek et al.,
2000; Jimeno et al., 2006), suggesting a role for kinesin-II in
membrane protein transport. In this communication, we ex-
plored the effects of cone-specific deletion of KIF3A using a
Kif3a™*""°* mouse line (Marszalek et al., 2000) and a transgenic
mouse expressing Cre recombinase in cones (Le et al., 2004). We
also generated KIF3A rod deletions using a mouse line uniformly
expressing Cre recombinase in rods (Li et al., 2008) to test for
trafficking of membrane proteins to rod outer segments (ROSs).
We show that transport of cone outer segment (COS) membrane
proteins in Kif3a '~ cones is severely impeded, resulting in ab-
sence of the entire cone phototransduction cascade in the mutant
outer segments. Surprisingly, the rod outer segment membrane
proteins, including rhodopsin, traffic in KIF3A-deficient rods
during the entire course of degeneration, thereby ruling out their
dependence on heterotrimeric kinesin-II. These results reveal
distinct mechanisms for rod and cone anterograde IFT and imply
that, during evolution, membrane protein transport pathways
diverged despite similar photoreceptor morphologies.

Materials and Methods

Generating photoreceptor Kif3a conditional knock-outs. The Kif3ao*"flox
mice were from the same colony used in previous studies (Marszalek et
al., 1999). The Hrgp-Cre (Le et al., 2004) mice showed normal cone
function throughout the investigated life and no expression in rods, as
shown by B-gal expression in R26R mice. The Rho-Cre mice (iCre-75)
(Li et al., 2008) are also stable up to 8 months of age. For cone-specific
knock-out, Hrgp-Cre mice were mated with Kif3a™*"°* mice and the
resulting heterozygous “Kif3a /™" mice were genotyped using primers
CreChk2.F (5'-AATGCTTCTGTCCGTTTGCCG) and CreChk2.R (5'-
CCATTGCCCCTGTTTCACTATCC) generating an 878 bp amplicon
indicating presence of the Cre transgene. For rod-specific knock-
out, Hrgp-Cre mice were replaced by iCre75 mice. iCre75 mice were
genotyped by PCR with RHI1.1 primer (5'-TCAGTGCCTGGAGTTGC-
GCTGTGG) and iCre550 primer (5'-CTTAAAGGCCAGGGCCTG-
CTTGGCQ). Kif3a genotyping was done as described previously (Marszalek
et al,, 1999) using primers P1 (5'-AGGGCAGACGGAAGGGTGG), P2
(5'-TCTGTGAGTTTGTGACCAGCC), and P3 (5'-GGTGGGAGC-
TGCAAGAGGG).

Antibodies. Antibody sources were described previously (Baehr et al.,
2007; Zhang et al., 2007). The anti-rhodopsin antibody (VPP) was raised
in rabbits against the N-terminal peptide 16-CTGVVRSPFEQP-27 of
mouse opsin. Additional antibodies were provided by the following in-
vestigators: Stefan Heller (Stanford University, Palo Alto, CA), anti-
RIAP antibody; Frangoise Haeseleer (University of Washington,
Seattle WA), anti-UNC119; Wieland Huttner (Max Planck Institute
of Molecular Cell Biology and Genetics, Dresden, Germany), anti-
Proml; Andrew F. X. Goldberg (Oakland University, Rochester, MI),
anti-peripherin/rds. Commercial antibodies were as follows: anti-Cre
antibody (Covance), anti-CNGA3 (Santa Cruz Biotechnology), and anti-
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and anti-KIF3A
monoclonal antibodies (Sigma-Aldrich).

Confocal immunolocalization. Eyes from mice aged 13 d through 4
months were harvested under ambient laboratory illumination and
immersion-fixed using freshly prepared 4% paraformaldehyde in 0.1 m
phosphate buffer, pH 7.4, for 2 h on ice. Eyecups were then moved to
15% sucrose in phosphate buffer for 1 h and then to 30% sucrose over-
night for cryoprotection. Sections (12 wm thick) were blocked using 10%
normal donkey serum in 0.1 M phosphate buffer—0.1% Triton X-100
(PBT) for 1 h and incubated with primary antibody overnight in a rotat-
ing humidified chamber at 4°C. The following antibodies were used (di-
lutions): anti S-opsin, anti ML-opsin (1:1000); anti-cone arrestin
(mCAR; 1:1000); anti-cone PDEa’ (1:4000); anti-cone Ta (1:500); anti-
cone Ty (1:500); anti-rod Ta (UUTA; 1:1000); anti-rod PDE (MOE;
1:1000). The sections were washed in fresh changes (10 min; three times)
of phosphate buffer before application of the secondary antibody. Fluo-
rescein isothiocyanate-conjugated secondary antibody raised in donkey
was coapplied with propidium iodide (Invitrogen). The sections were
viewed using an Olympus Fluoview (model FV 1000) inverted confocal
microscope with a 60X, 1.3 numerical aperture oil objective lens.

Immunoblotting. Both retinas from each mouse were isolated and
added to 100 ul of lysis buffer. Lysed protein (15-30 ng/lane) was loaded
onto 4-10% Tris-glycine SDS gels, separated by electrophoresis, trans-
ferred onto polyvinylidene difluoride membrane, and probed with pri-
mary and HRP-conjugated secondary antibodies. Western Lightning
(PerkinElmer) chemiluminescent substrate was used to visualize reactive
bands on film.

Real-time PCR. Semiquantitative PCR was performed using total RNA
from wild-type (WT), “Kif3a™/~, and “Kif3a ~'~ retinas. The following
primers were used: PDE6cqper2.F (5'-GCCCCTGACAGAGAAGTTG-
TATTTCC); PDE6cqpcr2.R (5'-ATGACCACAGCAAGGACCTCC),
cTagpcr3.F (5'-CTGTCATCTATGGGAACGTGCTGC); cTagpcr2.R
(5'-GTCCACCAACTCAGGAGGCATG); gapdhqgper2.F (5'-TACCC-
CCAATGTGTCCGTCGTG); gapdhgpcr3.R (5'-TTGAGAGCAATG-
CCAGCCCC). Retinas were taken from 1-month-old mice and RNA was
extracted using the RNeasy minikit (QIAGEN). RNA was reverse tran-
scribed using random hexamers by the Superscript III First Strand Syn-
thesis kit (Invitrogen). A validation experiment was run using fivefold
dilutions of WT ¢cDNA standards. Once amplification efficiencies were
confirmed to be approximately equal, WT and mutant retinas were com-
pared for levels of Pde6c and Gnat2 gene expression.

Electroretinography. Before recording, 2-week- or 1-month-old mice
were dark adapted for 16 h. Under dim red illumination, mice were
anesthetized by intraperitoneal injection with 10 ul/g body weight of 10
mg/ml ketamine and 10 mg/ml xylazine in 1X PBS. Eyes were treated
with one drop of 1% tropicamide, and pupils were allowed to dilate for 15
min. A ground electrode was placed near the mouse ear, and a recording
electrode was placed adjacent to the eye. ERGs were recorded using the
universal testing and electrophysiological system, UTAS E-3000 (LKC
Technologies). For photopic ERGs to record cone function, a rod satu-
rating background light of 1.48 log c¢d - m ~2 was used for 20 min
before recording. Single flash responses were recorded for stimulus
intensities of —0.8 to 2.9 log cd - m ~2. Ten or fewer flashes were
averaged for each intensity level with increasing flash intervals for
increased intensities. For scotopic ERG, dark-adapted mice were
tested for rod function at intensities ranging from —3.8 to 2.8 log
cd - m ~* without initial rod saturation.

Electron microscopy. Right eyes were isolated, dissected free of the an-
terior segments, and fixed in 2% glutaraldehyde—1% paraformaldehyde
in 0.1 M cacodylate buffer, pH 7.4, overnight at 4°C. Eyes were transferred
to 1% osmium tetroxide in 0.1 M cacodylate for 1 h, dehydrated in a series
of graded methanols (Jones et al., 2003), and embedded in Eponate 12
resin (Ted Pella). The blocks were cured overnight at 65°C. Ultrathin
sections were cut at 60 nm and further stained with uranyl acetate and
lead citrate before examination on a Hitachi H-600 transmission electron
microscope at 75 kV. Photographic negatives (Kodak EM film 4489)
were scanned using an iQsmart 2 scanner (Creo; oXYgen, version
2.4.2.1) to generate digital files. When necessary to follow a cone from
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Results

Cones lacking KIF3A are nonfunctional
We generated ‘Kif3a™'~ (short for
Kif3a"*""T;Hrgp-Cre™) and ‘Kif3a~'~
(short for Kif3a"'";Hrgp-Cre™) mice
by mating heterozygous or homozygous
floxed Kif3a mice (Marszalek et al., 2000)
with transgenic mice expressing Cre re-
combinase under the control of a human

——r——8— '
Time (us) 200
C cKif3a*" P30 °Kif3a™

/

Generation and phenotypes of ‘Kif3a ™/~ and “Kif3a ~

Figure 1.

"~ mice. A, Generation of cone-specific Kif3a knock-outs

400 red/green pigment (Hrgp) gene promoter
(Hrgp-Cre™) (Le et al., 2004) (Fig. 1A).
To study the consequences of Kif3a dele-
tion in cones, we tested “Kif3a '~ and
“Kif3a™'~ mice for cone photoreceptor
function by photopic ERG (under rod-
saturating background light). Control
“Kif3a™'~ mice showed ERG responses

O comparable with those of wild-type mice,
whereas P14 (supplemental Fig. S3A,
available at www.jneurosci.org as supple-
mental material) and P30 °Kif3a /"~ mice
(Fig. 1 B) showed no response, suggesting
the absence of key phototransduction
components or cone degeneration.

Cone visual pigments mislocalize in
Kif3a-deleted cones

We next tested the photoreceptors of
1-month-old mice for expression of Cre
@ recombinase and subcellular localiza-
tion of cone pigments by immunocyto-
chemistry (Fig. 1C; supplemental Fig.
S1, available at www.jneurosci.org as sup-
plemental material). As expected, Cre re-
combinase was detected exclusively in the
nuclear and perinuclear region of cones
(Fig. 1C, green) (Le et al, 1999). Near-
uniform Hrgp-driven expression in cone

(‘Kif3a ') by mating of Kif3a™ /™" mice with transgenic mice expressing Cre recombinase under the control of the human
red/green opsin (Hrgp) promoter. a, Diagram of exon 1and exon 2 of the Kif3a gene; b, the floxed gene; ¢, the targeted gene with
a deletion of exon 2. Primers 1-3 are used for genotyping the Kif3a alleles (Marszalek et al., 2000). B, Photopic ERG at P30. Black

trace, The Kif3a ™/~ response; red trace, the Kif3a ~/~ response to a single flash (intensity, 25 db or 2.9 log cd s m ~2).

€, Confocalimmunolocalization of ML-opsin and S-opsin in cone photoreceptors of 1-month-old Kif3a 1~ (a,0)andKif3a ~'~ mice
(b, d). In a—d, sections were probed with anti-Cre antibody (green); in @ and b, sections were probed with anti-ML-opsin (red),
andin cand d, with anti S-opsin (red). Note that Cre recombinase is expressed in cone nuclei exclusively. ML-opsin and S-opsin are
mislocalized to the inner segments, axons, and synaptic pedicles (white arrows) of ‘Kif3a ~/~ cones. Scale bar, 10 m. IS, Inner

nuclei was observed using a Cre-activatable
LacZ reporter mouse line (ROSA26) (Le et
al.,, 2004), consistent with M/L-opsin being
expressed in nearly all mouse cones
(Applebury et al., 2000; Haverkamp et
al., 2005). In “Kif3a ~’~ cones, ML-opsin
(white arrows in Fig. 1Cb; supplemental

segment; OPL, outer plexiform layer.

its nucleus through the inner segment to outer segment, digital files were
tiled using Adobe Photoshop 8.0.

Semithin light-microscopic sections and silver-intensified anti-rhodopsin
staining. Epon-embedded eyecups from postnatal day 14 (P14) Rho-Cre-
8;Kif3a+/ " and Rho—Cre—S;Kzﬁaﬂ”"/ﬂ"x mice were the same as those used
previously (Jimeno et al., 2006). P14 and P21 eyecups from WT litter-
mates, iCre75+ on Kif3a flox/+ background, and iCre75+ on Kif3a
flox/flox were embedded in plastic. The 200 nm semithin sections were
arrayed on 12-spot Teflon-coated slides (Cel-Line; Erie Scientific),
probed with anti-rho-1D4 IgG, and visualized with silver-intensified 1.4
nm gold granules conjugated to goat anti-mouse IgG (Nanoprobes). All
data were captured as 8 bit 1388 pixel X 1036 line frames under voltage-
regulated tungsten halogen flux with a variation of 1.2 £ 0.6% per
minute (mean = SD). Image mosaic tiles were captured with a Peltier-
cooled QImaging Fast 1394 QICAM (QImaging) and a Syncroscan mon-
taging system (Synoptics) on a Scan 100 X 100 stage (Mirzhduser
Wetzlar).

Fig. S1b, available at www.jneurosci.org

as supplemental material) and S-opsin

(white arrows in Fig. 1Cd; supplemental
Fig. S1d, available at www.jneurosci.org as supplemental ma-
terial) mislocalize indiscriminately to cone inner and outer
segments, to the axons, and synaptic pedicles, suggesting lack of
targeted transport to the outer segments. S-opsin appears more sus-
ceptible to Kif3a knockdown than ML-opsin, similarly as observed
in Rpe65 '~ and Lrat ~'~ cones (Zhang et al., 2008). Cre recombi-
nase and S-opsin colocalize in perinuclear locales (presumably en-
doplasmic reticulum), suggesting aberrant export of S-opsin from
the ER (Fig. 1C, green arrowheads). The distribution of opsins in
endomembranes suggests indiscriminate deposition and nontar-
geted transport or diffusion (see Discussion). In “Kif3a */~ cones
(Fig. 1Ca,c), transport of ML-opsin and S-opsin to the mutant COS
proceeds normally, indicating that deletion of only one Kif3a allele
has little, if any, consequence.
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In transgenic Hrgp-Cre ™ mice placed
on the ROSA26 background, Cre-
mediated recombination was first ob-
served between P7 and P10 (Le et al.,
2006). At 2 weeks of age, we observed
prominent Cre expression in “Kif3a ™/~
and ‘Kif3a ™'~ retinas (supplemental Fig.
S2, red signal, available at www.jneurosci.
org as supplemental material). In superior
(supplemental Fig. S2b, available at www.
jneurosci.org as supplemental material)
and inferior (supplemental Fig. S2¢, avail-
able at www.jneurosci.org as supplemen-
tal material) regions of homozygous
knock-out retinas, M/L-opsin levels in the
COS are clearly reduced, but cone degen-
eration, as judged from labeling with anti-
mouse cone arrestin antibody (mCar)
(Fig. 1Cb; supplemental Fig. S2b, available
at www.jneurosci.org as supplemental
material), is at a very early stage, sug-
gesting that mislocalization of pigments
precedes degeneration. Mislocalization of
M/L-opsin and cone degeneration pro-
ceeds more strongly in the inferior
“Kif3a '~ retina (supplemental Fig. S2i,l,0,
available at www.jneurosci.org as supple-
mental material) than in the superior
“Kif3a '~ retina (supplemental Fig. S2h,k,n,
available at www.jneurosci.org as supple-
mental material) over a time course of 16
weeks. Remnants of M/L-opsin are still
detectable at 16 weeks in the superior
(supplemental Fig. S2n, available at www.
jneurosci.org as supplemental material),
but not inferior °Kif3a '~ retina (supple-
mental Fig. S20, available at www.
jneurosci.org as supplemental material).

Mistargeting of membrane-associated
proteins in °Kif3a ~'~ cones

We were particularly interested in whether
deletion of KIF3A affects the subcellular
localization of membrane-associated
proteins [peripheral membrane proteins
(PMPs)] (cone transducin and PDES®,
GRK1) that require vesicular transport as
has been observed for prenylated RAS
(Choy et al., 1999) and heterotrimeric
G-proteins (Michaelson et al., 2002).
Membrane association is mediated by
C-terminal prenylation (rod and cone Ty,
rod and cone PDE6 catalytic subunits,
GRK1) or N-terminal acylation (rod and
cone Ta). After biosynthesis, prenylated
phototransduction proteins dock to the
ER and traffic by vesicular transport to the
outer segments (Zhang et al., 2007; Karan et
al.,2008), In P30 °Kif3a "/~ cones, PMPs are

properly localized to COS in which phototransduction occurs (Fig.
2Aa,c.e,g), but are undetectable in “Kif3a ~/~ COS and/or mis-
localized throughout the inner segments (Fig. 2 Ab,d,f,h). Cone
PDEa’ and cone Tvy were also undetectable at P14 in “Kif3a '~

Avasthi et al. e Trafficking of Membrane Proteins in Photoreceptors

P30 cKif3a"-
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Figure2.  Immunolocalization of cone Tey, T, PDE6cx’, GRK1,and mCarin Kif3a ™/~ and “Kif3a '~ cones. A, Frozen sections were

probed with either anti-cone Tex (green; a, b), anti-cone Ty (green; ¢, d), anti-cone PDE6” (red; e, f), or anti-GRK1 (green; g, h)
antibodies. Some sections were contrasted with propidium iodide (red) to define the outer limiting membrane (olm) and the inner
segments (a—d). Note the normal distributions of cone Tex, cone T+, and cone PDE6c” in Kif3a +/= (05, but absence (b, d, h) or
mislocalization to the inner segments (f) of if3a ~/~ cones. In contrast, sections (g, h) probed simultaneously with antibodies directed
against cone arrestin (mCAR; red) and anti-GRK1 (green) revealed that cone arrestin distributes freely in °Kif3a = andKifla '~ cones.
Cone arrestin and GRK1 colocalize (yellow; g) in 0S of Kif3a ™/, but not Kif3a ~'~ cones. IS, Inner segments. Scale bars, 10 m.
B, Immunoblots of ‘Kif3a ™/, and ‘Kif3a —/~ retina lysates probed with anti-cone Tcr, and anti-cone PDE6cx” antibodies. In each
immunoblot, GAPDH was included as an internal control. Note cone transducin and PDE6x” subunit levels are reduced in Kif3a ~'~.C,
Semiquantitative real-time RT/PCR of cone Pde6a (PDE6r'), Gnat2 (cone Tcx), and (nga3 mRNA of Kif3a */~ and Kif3a '~ retinas.
Each sample was determined in duplicate from two retinas of different animals of the same genotype. PCRs were run in parallel with
Gapdh-specific primers as a standard. Note that mRNA levels are unaffected. Scale bar, 10 m.

COS (supplemental Fig. S3B, available at www.jneurosci.org as
supplemental material). The soluble cone arrestin is unaffected
by KIF3A deletion and diffuses freely (Fig. 2 Ag,h). Immunoblots
confirmed a significant decrease in cone Ta and cone PDE6a’
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°Kif3a*" P30

CNGA3

Prom1

Figure 3.

with the exception of peripherin/rds (I, arrows). Scale bar, 10 m.

protein levels (Fig. 2B). GRK1 and GCAP1 did not show de-
creased protein levels (data not shown) since they are expressed
also in unaffected rods, which represent the majority (95-97%)
of photoreceptors in the mouse retina. Real-time quantitative
PCR with “Kif3a '~ and “Kif3a "'~ retina mRNA templates con-
firmed that there was no significant change in expression levels of
Gnat2 (cTa), Pde6c (cPDE6a’), and Cnga3 mRNA, suggesting
that the decreased protein levels in “Kif3a '~ retinas are attrib-
utable to posttranslational degradation (Fig. 2C). Deletion of
KIF3A in cones thereby results in deficient transport of outer
segment PMPs, consistent with the notion that heterotrimeric
kinesin-II powers their anterograde IFT through cone cilia.

°Kif3a™

Distribution of outer segment membrane proteins in P30 Kif3a-deleted cones. Sections of ‘Kif3a ™/~ (a, ¢, e, g, i, k)
and ‘Kif3a '~ retinas (b, d, f. h, j, ) were probed with antibodies recognizing C(NGA3 (a, b), GC1 (¢, d), GCAP1 (e, f), prominin-1
(g, h), R9AP (i,j), and peripherin/rds (k, I). Antigen localizations are visualized using FITC-conjugated secondary antibody (green).
The ONL of some sections was contrasted with propidium iodide (a—f, i~I), whereas in other sections, cone cells were identified
with anti-cone arrestin (red; g, h). Note that, in Kif3a ~/~ cones, membrane proteins were severely reduced or completely absent,
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We further investigated the effect of
KIF3A deletion on trafficking of integral
membrane proteins that participate in
phototransduction (opsins, CNGA3, GCl,
and R9AP), or are involved in disc mor-
phogenesis (peripherin/rds, prominin-1)
(Fig. 3). CNGA3 (the cGMP-gated chan-
nel a-subunit) (Kaupp and Seifert, 2002),
GCl1 (an enzyme producing cGMP, the
transmitter in phototransduction) (Baehr
et al., 2007), and R9AP (the membrane
anchor of the GTPase-activating protein
complex) (Hu and Wensel, 2002) are
transmembrane proteins that, like the vi-
sual pigments, postsynthetically follow
the pathway from the ER to the Golgi/
TGN and plasma membrane. Only
CNGA3 is cone specific (Fig. 3a), whereas
GC1, GCAPI1, R9AP, and peripherin/rds
are expressed in both rods and cones (Fig.
3¢,e1,k). Confocal immunolocalization
shows that cone-specific deletion of
KIF3A prevents trafficking of CNGA3,
GC1, GCAPI1, R9AP to cone outer seg-
ments (Fig. 3b,d,f,j). Peripherin/rds (Fig.
3k), in contrast, apparently trafficked nor-
mally, suggesting that this tetraspanning
glycoprotein is not cargo in IFT powered
by kinesin-II. Peripherin/rds was shown
previously to transport to the outer seg-
ments independently from rhodopsin in
BBS2-null (Nishimura et al., 2004) and
rhodopsin mutant mice (Green et al,
2000; Lee et al., 2006). Prominin-1 is ex-
pressed ubiquitously and in photorecep-
tors typically associated with plasma
membrane protrusions (Jaszai et al., 2007;
Kleinman and Ambati, 2008), and local-
izes in retina specifically to cilia of WT
(Yang et al., 2008) and “Kif3a "'~ rods and
cones (Fig. 3g). At Kif3a '~ cilia, however,
prominin-1 levels are much reduced (Fig. 3h).

Ultrastructure of °Kif3a ~'~ cone outer
segments

To determine the effect of KIF3A deletion
on COS fine structure, 60-nm-thin sec-
tions of P13 °Kif3a '~ retina, taken in the
central retina inferior to the optic nerve,
were analyzed by electron microscopy
(Fig. 4). The P13 time point, 1 d after eye
opening, was chosen to capture structural deficiencies before
massive degeneration. Cones were identified by large oval nuclei
containing a clump of finely granular heterochromatin and, oc-
casionally, an osmiophilic droplet in the inner segment (supple-
mental Fig. S4, white arrow, available at www.jneurosci.org as
supplemental material); rod nuclei, in contrast, were much more
electron dense. Cone outer segments were observed in various
stages of degeneration with membrane layers found in both per-
pendicular and parallel orientations as well as in whorls (Fig.
4a—c). Connecting cilia of affected cones appeared to have nor-
mal structures proximally, suggesting that KIF3A is not required
for ciliary maintenance at P13. However, overlapping disc cas-
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cades (Fig. 4d,e, between white arrows)
and longitudinally aligned membranes
were sometimes observed at the distal end
of connecting cilia of early degenerating
cones. ‘Kif3a '~ cone inner segments
contained distended Golgi apparati and
mitochondria typically characterized by a
pale matrix with irregularly arranged cris-
tae (Fig. 4d,f, m.). Whereas inner and
outer segments showed obvious signs of
dysfunction, cone pedicles remained
vesicle-laden with multiple, small synap-
tic contacts (supplemental Fig. S5, white
arrows, available at www.jneurosci.org as
supplemental material).

Consequences of KIF3A deletion

in rods

To investigate the fate of PMPs in KIF3A-
deleted rods, we generated rod-specific
deletions of KIF3A ('Kifsa™’~ and
"Kif3a '~ mice) following the strategy de-
picted in Figure 1 A, using transgenic mice
expressing Cre recombinase under the
control of a 4.4 kb mouse opsin promoter
(iCre75 " line) (Li et al., 2008). Previously
generated rod Kif3a knock-outs (Marsza-
lek et al., 2000; Jimeno et al., 2006), using
another Cre expressor line (Rho-Cre-8),
showed a rapidly progressing degenera-
tion starting around P10 accompanied
by apparent rhodopsin mistargeting.
Scotopic (dark-adapted) Kif3a*’~ and
"Kif3a '~ electroretinograms recorded at
P14 reveal that the "Kif3a '~ a-wave am-
plitudes are reduced, suggesting compro-
mised rod function and degeneration
(Fig. 5A). The diagnostic fragment gener-
ated by the deletion of exon 2 and por-
tions of adjacent introns (Fig. 5B, del) is
easily detectable at P14 and signals early
expression of Cre in rods. However, as
judged by immunoblots (Fig. 5C) and the
normal thickness of the P14 "Kif3a '~
outer nuclear layer (ONL) (Fig. 5Dc,f),
rod degeneration is at an early stage.

At this age, Cre recombinase was ex-
pressed uniformly in all "Kif3a '~ nuclei
(Fig. 5Dc,f), and KIF3A was essentially
undetectable in rod cells. Cone nuclei, in
contrast, did not express Cre (white ar-
rows) consistent with specificity of the
mouse rhodopsin promoter, and KIF3A
is detectable in cone cell bodies. As
clearly shown in Figure 5Df, the bulk of
rhodopsin trafficked to the outer seg-
ments in the absence of KIF3A, suggest-
ing an alternate motor for rod transport.
Confocal immunolocalization of addi-
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Figure 4.  Fine structure of Kif3a-deleted cones at postnatal day 13. Proximal COSs reveal that connecting cilia (black arrows;
a-¢) develop, although outer segment membranes appear misaligned. Misalignment was most severe in cones inferior to the
optic nerve, and less severe in cones located in the superior midperiphery. Examples of C0Ss found in various stages of membrane
disorganization: a, immediately inferior to the optic nerve and advanced; b, ¢, intermediate; and d, e, early in degeneration. The
plasma membrane (dashed white line; d, f) defines the extent of the distal cone inner segment (CIS), in which cone mitochondria
(mg) with disrupted cristae were distinct from rod mitochondria (m,). A cascade of five to seven overlapping membrane discs
appears at the expanded axoneme (between pair of white arrows; d, ). More proximally, in a Kif3a ~/~ cone inner segment
(f, between dashed white lines), vesicles of heterogeneous diameter were dispersed among mitochondria (m) and a Golgi
apparatus. Scale bar, 0.2 wm (for a—f).

tional photoreceptor-specific proteins (Fig. 6, right column) ~ P14 'Kif3a '~ rods. Furthermore, the PMPs PDE6 (all sub-
indicates that the integral membrane proteins CNGA1 (rod  units) (Fig. 6i,j), rod Ta (Fig. 6k,!), and GRK1 (Fig. 6m,n)
CNG channel a-subunit) (Fig. 6a,b), GC1 (Fig. 6¢,d), ROAP traffic normally to rod outer segments in both "Kif3a ~/~ and
(Fig. 6e,f), and Prominin 1 (Fig. 6g,h) also localize correctlyin ~ "Kif3a "/~ photoreceptors.
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Figure 5.  KIF3A deletion in P14 rod photoreceptors. A, Scotopic (dark-adapted) electroretinogram of P14 'Kif3a ™/~ and
"Kif3a —'~ mice. The Kif3a '~ a-wave amplitude, indicative of rod function, is attenuated relative to the WT a-wave response at
allintensities tested. Error bars indicate SEM. B, PCR-based genotyping of 'Kif3a +/= (lane 2) and 'Kif3a ~/~ mice (lane 3) with
primers P1, P2, and P3 and retina DNA as a template (see Materials and Methods) (Fig. 14). P1and P2 amplify the WT fragment
(wt) and the mutant (insertion of loxP) fragment (mut) from "Kif3a '~ DNA, but only the mutant fragment from "Kif3a '~ DNA.
P1and P3 amplify the deletion fragment (del) appearing after excision of exon 2. Both the heterozygous and homozygous floxed
mice show the deletion fragment at P14. Lane 1, MW standards. €, Immunoblots. Polypeptides of Kif3a */~ and Kif3a ~/" retina
lysates were separated by SDS-PAGE, blotted, and probed with anti-rhodopsin, anti-rod Te, anti-rod PDE6, anti-GRK1, anti-rod
arrestin, and anti-GC1. Anti-GAPDH served as a loading control. Note that the proteins levels are very similar in both from
"Kifsa *'~ (+/—) and"Kif3a ~'~ (—/—) lanes. D, Confocal immunolocalization of KIF3A and rhodopsin in P14 littermate WT
(a, d), "Kif3a ™'~ (b, ), and "Kif3a ~'~ (¢, ) cryosections imaged in the midperiphery. Retina sections were probed simulta-
neously with anti-Cre recombinase monoclonal antibody (green; b, ¢, e, f) and either anti-KIF3A (red; a— ¢) or anti-rhodopsin (red;
d—f) polyclonal antibody. The white arrows (b, c) indicate examples of cone nuclei that do not express Cre recombinase. KIF3A is
essentially undetectable in "Kif3a ~/~ rod inner segments but present in cone inner segments, which are unaffected by the
rod-specific deletion. Note prominent immunolabel for thodopsin over"Kif3a ~/~ rod outer segments that are reduced in length
relative to WT. Several pyknotic nuclei were observed in the proximal "Kif3a —/~ ONL. Scale bar: a—f, 10 um.

J. Neurosci., November 11, 2009 « 29(45):14287-14298 « 14293

(Fig. 8f), now accumulate in the perinu-
clear region, likely because of degenera-
tion. At this late stage, only remnants of
rhodopsin-containing membranes are de-
tectable (Fig. 8b). We conclude that rod
degeneration in the "Kif3a '~ retina be-
gins before P14, as judged by ERG (Fig.
5A), and proceeds rapidly between P14
and P28. Although the mechanism trig-
gering cell death remains undefined, the
most obvious phenotypic observation at
P14 is absence of KIF3A, the obligatory
motor subunit of heterotrimeric kinesin-IL

Deletion of KIF3A in rods and cones
does not impair trafficking of a subset
of synaptic proteins

KIF3A is localized throughout the photo-
receptor cell and has been previously
shown to be present at the ribbon synapse
(Muresan et al.,, 1999). To determine
whether anterograde transport of synapse-
specific proteins were affected in Kif3A
cone-specific knock-outs, ‘Kif3a*’~ and
°Kif3a~'~ retina sections were labeled with
antibodies against proteins specifically lo-
cated in synaptic terminals. The results (Fig.
9A) show that bassoon (tom Dieck et al.,
1998; Sanmarti-Vila et al., 2000), ribeye
(Schmitz et al., 2000), PSD95, a protein as-
sociated with MPP4 (Yang et al, 2007),
cone-specific complexin-III (Reim et al.,
2005), UNCI119/RG4 (Kobayashi et al.,
2003; Haeseleer, 2008), and synaptic vesicle
protein SV2 (Heidelberger et al., 2005) lo-
calize normally in P28 “Kif3a '~ cone
synaptic pedicles. Parallel experiments
were performed with rod-specific KIF3A-
deleted sections. Trafficking of ribeye,
SV2 protein, rod-specific complexin IV
(CPXIV), bassoon, and UNCI119/HRG4
in P14 'Kif3a '~ rods appeared normal
(Fig. 9B). We conclude that ribbon-
associated proteins and at least one SNARE
(soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor) complex
binding protein transport properly to rod

Immunocytochemical analysis of "Kif3a '~ rods at P21 (Fig.
7) revealed no mistargeting of rhodopsin (Fig. 7b,c), PDE6 (Fig.
7e,f), RDS2 (Fig. 7h,i), or of other integral or peripheral mem-
brane proteins (supplemental Fig. S7, available at www.jneurosci.
org as supplemental material), although numerous pyknotic
nuclei indicate an advanced stage of degeneration (arrows in Fig.
7b,e,h; supplemental Fig. S6, available at www.jneurosci.org as
supplemental material). However, some ONL accumulation of
rhodopsin was observed in P14/P21 'Kif3a ~'~ rods when semi-
thin sections were probed with 1D4 mAb and visualized with
silver-intensified gold particles (supplemental Fig. S8c,f, available
at www.jneurosci.org as supplemental material). Importantly,
the bulk of rhodopsin is present in the outer segments. At P28
(Fig. 8), although rod degeneration is far advanced, the ONL is
reduced to three or four layers of nuclei, and some membrane
proteins, particularly PDE6 (Fig. 8d) and transducin a-subunit

and cone terminals in the absence of KIF3A. Therefore, these data
are interpreted to suggest that heterotrimeric kinesin-II is not
involved in long-distance trafficking along microtubules toward
the plus end near the photoreceptor synaptic terminals.

Discussion

The effect of KIF3A deletion on transport of phototransduction pro-
teins was studied in cone and rod photoreceptors. Our results indi-
cate that, in cones, the heterotrimeric kinesin-II motor is essential for
anterograde transport of a subset of membrane proteins involved in
phototransduction, whereas, in rods, kinesin-II is not required. This
differential result was unexpected since rods and cones share similar
morphologies, renew their outer segments every 10 d, use identical
or highly homologous polypeptides to execute phototransduction,
and require anterograde IFT along plus-ended microtubules.
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Mutant cones show mistargeting of
membrane proteins

In the current model of post-Golgi transport
of integral membrane proteins (Lippincott-
Schwartz et al., 2000; Rodriguez-Boulan et
al., 2005), vesicles emerging from the
TGN traffic along microtubules powered
by retrograde motors. After fusion of ves-
icles bearing transmembrane proteins
with the plasma membrane, cargo is as-
sembled and transported through the ci-
lium by an anterograde molecular motor.
Our results indicate that the anterograde
molecular motor primarily responsible
for IFT in cone photoreceptors is hetero-
trimeric kinesin-II. Deletion of the sub-
unit KIF3A motor results in the following
defects: Misorganization of the outer
segment membrane at P13 (Fig. 4), mislo-
calization of visual pigments (Fig. 1; supple-
mental Fig. S1, available at www.jneurosci.
org as supplemental material), and absence
of membrane-associated polypeptides of
the cone phototransduction cascade (Fig.
2), as well as integral outer segment mem-
brane proteins (Fig. 3). In “Kif3a '~ cones,
S- and M/L-opsins appear trapped in mem-
branes of the inner and outer segment, the
outer nuclear layer, and synaptic terminals
(Fig. 1; supplemental Figs. S1, S2, available
at www.jneurosci.org as supplemental ma-
terial). The small amount of the visual pig-
ments observed in the outer segments (Fig.
1Cb) was likely transported there before
sufficient Cre expression deleted kinesin-II.
Alternatively, opsins may have been trans-
ported by redundant, but less efficient an-
terograde alternate motor polypeptides
[e.g., myosin-VIIa (Williams, 2002) or
KIF17 (Jenkins et al., 2006; Insinna et al.,
2008)], or the opsins may simply distribute
throughout the cell membrane, the final
destination of the secretory pathway, by lat-
eral diffusion when IFT is defunct. Most re-
markably, essentially all key polypeptides of
the cone phototransduction cascade fail to
traffic properly in the absence of kinesin-II,
consistent with nonrecordable ERG re-
sponses at P14 (supplemental Fig. S3, avail-
able at www.jneurosci.org as supplemental
material) and P30 (Fig. 1 B). These proteins are
critically important not only for phototrans-
duction but also contribute to outer segment
structural stability and photoreceptor survival.
In human patients, null alleles and missense
mutations in genes encoding outer segment
proteins lead to a variety of retinal dystrophies,
including retinitis pigmentosa, Leber congen-
ital amaurosis, cone dystrophies, and macular
degeneration.

Cone pigment mistargeting was observed previously in mutant
cones lacking guanylate cyclase-1 (GC1) (Baehr et al., 2007), retinoid
isomerohydrolase (RPE65) (Rohrer et al., 2005; Znoiko et al., 2005),
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P14 ip3q-

'Kif3a*-

Figure 6.  Confocallocalization of phototransduction proteins. Sections of ‘Kif3a ' (a,ce, g,i,k,m)and’Kif3a '/~ (b,df
h, j, I, n) retina were probed with anti-CNGA1 (a, b), anti-GC1 (c, d), anti-R9AP (e, f), anti-prom1 (g, h), anti-rod PDE6 (i, j),
anti-rod Tae (k, 1), and anti-GRK1 (m, n) antibodies. All panels show normal transport and localization of membrane proteins to the
outer segments. Scale bar, 10 m.

P21

'Kif3a*" 'Kif3a”

Figure7. Trafficking of thodopsin, PDE6 subunits, and peripherin/rds in P21'Kif3a ~/~ rods. Left column (a, d, g), "Kif3a '~
retina sections; middle column (b, e, h), Kif3a ~/~ retina sections; and right column (c, f. i), portions of corresponding sections
(b, e, h), green channel only. Sections @~ ¢, Anti-rhodopsin; sections d—f; anti-PDE6 antibody; sections g—i, anti-peripherin/rds
antibody. Note that rhodopsin traffics normally and does not mislocalize at P21. The white arrows indicate pyknotic nuclei. Scale
bar, 10 m.

lecithin:retinol acyl transferase (LRAT) (Zhang et al., 2008), the cone
CNG channel a-subunit (CNGA3) (Michalakis et al., 2005), BBS4
(Abd-El-Barr et al., 2007), and complement factor H (Coffey et al.,
2007), suggesting that vesicular and intraflagellar transport in cones
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Figure8. Rapid degeneration of kif3a ~/~ rod photoreceptors at P28. Sections of 'Kif3a */~ (a, ¢, e) andKif3a '~ (b, d, )
retina were probed with anti-rhodopsin (a, b), anti-rod PDE6 (c, d), and anti-transducin a-subunit antibodies (e, f). Rod outer
segments in‘Kif3a ~/~ sections were absent and the ONL is reduced to three to four rows. The bottom panelsin b, d, and £ show
green channel only. In b, very little thodopsin remains in the outer segments. In d, punctuate green fluorescence (arrows) indicates
remnants of cone outer segments (labeled with MOE, an antibody that recognizes both rod and cone PDE6). Scale bar, 10 um.

is dependent on a number of gene products/cofactors. In partic-
ular, the “Kif3a '~ phenotype is strikingly similar to that ob-
served in GC1 (Baehr et al., 2007), LRAT, and RPE65 knock-out
mice (Fan et al., 2008; Zhang et al., 2008) producing rapid cone
degeneration phenotypes. In mutant cones, lacking GC1 or the
chromophore 11-cis-retinal, respectively, visual pigments are
mistargeted and phototransduction polypeptides are absent in outer
segments. Phenotypic similarity among several genetically altered
mice, in which knocking out one gene disrupts the function of seem-
ingly unconnected gene products, suggests assembly of a large cargo
that depends on multiple factors (11-cis-retinal, GC1, molecular
motors) for vesicle formation, inner segment transport and antero-
grade intraflagellar transport.

Mutant rods degenerate rapidly, but membrane proteins
traffic to the outer segments

In rods, however, heterotrimeric kinesin-1I is not required for trans-
port of membrane proteins (Figs. 5-7; supplemental Figs. S5, S7, S8,
available at www.jneurosci.org as supplemental material). Using a
different Cre driver [iCre75 (Li et al., 2008)] than used previously

'Kif3a™
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[Rho-Cre-8 (Jimeno et al, 2006)], we
found that at P14 KIF3A is essentially
absent in "Kif3a '~ rods (Fig. 5D). Nev-
ertheless, rhodopsin and other photo-
transduction proteins apparently traffic to
the "Kif3a '~ rod outer segments at P14
and P21 (Fig. 6; supplemental Fig. S6,
available at www.jneurosci.org as supple-
mental material) virtually unimpeded.
Furthermore, none of the proteins resid-
ing in the outer segment is degraded in
P14 'Kif3a '~ rods (Fig. 5C), in contrast
to the degradation observed in “Kif3a '~
cones (Fig. 2 B). This result is in apparent
conflict with previously reported early
rhodopsin accumulation in the ONL of
Kif3a*""* Rho-Cre-8 * mice originating
from the same Kif3a™*"* colony (Jimeno
et al., 2006). To obtain evidence of rho-
dopsin trafficking independent from con-
focal microscopy, we analyzed P14 silver-
stained semithin sections as published in
the study by Jimeno et al. (2006), relative
to P14 and P21 semithin sections of this
study (supplemental Fig. S8, available at
www.jneurosci.org as supplemental ma-
terial). The results show that, in both mu-
tant lines, the bulk of rhodopsin trafficked
to the outer segments but accumulated to
some degree in the ONL. Apparently, rod
degeneration proceeded faster in the
study of Jimeno et al., reporting opsin
mislocalization at P7 and severe rod de-
generation at P14, a time when outer
segments are still developing. The accu-
mulation likely occurs in membranes in
which rhodopsin transiently resides when
trafficking from the ER to the outer seg-
ments. Our interpretation of this pheno-
type is that most likely outer segment
degeneration precedes rhodopsin accu-
mulation, and that the accumulation is a
consequence of degeneration. Early de-
generation events could impede transport to the outer segment,
resulting in a “traffic jam” of nascent opsin unable to traffic nor-
mally since its final destination, the outer segment, is degenerat-
ing. In this study, severe, rapid degeneration of "Kif3a '~ rod
photoreceptors occurs between P14 and P28. At P28, one ob-
serves only three to four rows of nuclei in the ONL and outer
segment remnants (Fig. 8). The event that triggers this rapid cell
death is unknown and must precede P14 since scotopic ERG
a-waves, an indicator of rod function, are severely diminished
(Fig. 5A). We emphasize that the earliest documented cell biolog-
ical event is absence of KIF3A in rod cells (Fig. 5D), consistent
with appearance of the diagnostic deletion fragment (Fig. 5B)
signaling activity of Cre recombinase. Based on the relatively nor-
mal trafficking pattern in rods lacking heterotrimeric kinesin-II,
we consider it unlikely that kinesin-II is required for anterograde
IFT of rod membrane proteins. We note that homodimeric
kinesin-IT (KIF17) immunolocalized to inner segment vesicles
and connecting cilia microtubules of WT mouse rods (Insinna et
al., 2009). Thus, rods may use KIF17 as an alternate motor for
membrane protein transport. It was shown recently that the ol-
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Figure 9.  Synaptic terminal membrane proteins appear unaffected by KIF3A deletion. A, KIF3A deletion in cones. ‘Kif3a */~
(a,¢,e,g,i)andKi?a '~ (b,d,f; h,j) sections were probed with anti-bassoon (green) and anti-mCAR (red) antibodies (a, b), anti-ribeye
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factory channel a-subunit (CNGA2), a
close relative of the rod channel CNGA1,
required KIF17 for correct targeting in ol-
factory neurons (Jenkins et al., 2006), and
in zebrafish, KIF17 was shown to be asso-
ciated with the ciliary axoneme of rods as
well as single and double cones (Insinna et
al., 2008). A knockdown of KIF17 with an-
tisense morpholinos affected trafficking of
cone pigments strongly, and trafficking of
rhodopsin and CNGA1 moderately. Conse-
quently, homodimeric kinesin-II consisting
of two KIF17 subunits may be a viable can-
didate for rod IFT in mouse.

A rapid rod degeneration phenotype
was also observed in Xenopus laevis when
a dominant-negative kinesin-II transgene
was expressed (Lin-Jones et al., 2003).
Based on the observed rapid degeneration
in kinesin-II-deficient rods in two differ-
ent mouse models, kinesin-II must serve
an important role in rod structure. From
these results, it is obvious that kinesin-II is
vital for survival of rods, but its precise
function in anterograde transport re-
mains to be elucidated.

Different motors for rods and cones

Why might the relative importance of dif-
ferent molecular motors differ between
rods and cones, even though rods and
cones have similar polarized structures,
function, and molecular composition?
Evolutionarily, cones developed first and
rods developed later, as determined by the
branching pattern of vertebrate opsins
(Lamb et al., 2007). After diverging, rods
developed an OS consisting of a coin-like
stack of discs (~800 discs/ROS in mouse),
probably to increase photon capture and
sensitivity. Mouse COSs, in contrast, have
a zigzag layering of discs, although some
independent discs similar to rod discs
were observed (Anderson et al., 1978).
Thus, a significant difference exists in OS
shape and dimension: mouse ROSs are
two to three times longer than COSs and
have a three to four times larger volume
[36 and 10 al (10 ~'® L)], respectively, as
calculated from data of Carter-Dawson

<«

(green) and anti mCAR (¢, d), anti-PSD95 (green) and anti-
mCAR (e, f), anti-Unc119 (green) and anti-mCAR antibodies
(g, h), and with anti-SV2 (green) and anti-CPX-Ill (red) anti-
bodies. The insets show enlargements identified by broken
lines. B, KIF3A deletion in rods. ‘Kif3a '~ (a, c, e, g, i) and
"Kif3a ="~ (b, d, f.h, J) sections were probed with ribeye an-
tibody (a, b), anti-SV2 antibody (c, d), anti-CPX-IV (e, ), anti-
bassoon (g, h), and anti-Unc119 antibodies (f, j). Nuclei of the
ONL and INL were counterstained with propidium iodide to
clearly mark the OPL region (a, b). The insets (a, b) show en-
larged regions identified by broken lines. Scale bar, 10 m.
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and LaVail (1979) and Nickell et al. (2007). Yet both rod and cone
outer segments are replaced every 10 d, requiring a three to four
times more active IFT machinery for rods. Interestingly, at least
in C. elegans, heterotrimeric kinesin-1I and OSM-3 (KIF17) have
been shown to travel along the axoneme at speeds that differ
approximately threefold: kinesin-II travels at 0.5 wm/s, and
OSM-3 at 1.3 wm/s (Scholey, 2008). The relatively slow speed of
kinesin-II could suffice for the shorter cone axoneme, whereas
rods may require the faster OSM-3. Resolution of this question
may follow analysis of rod-specific, targeted deletion of OSM-3.
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