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Genetic Evidence for Selective Transport
of Opsin and Arrestin by Kinesin-II
in Mammalian Photoreceptors

morphologically typical varieties of motile and nonmo-
tile cilia and flagella (for review see Marszalek and
Goldstein, 2000). While there is evidence that members
of the kinesin-II family may transport choline acetyltrans-
ferase in Drosophila axons (Ray et al., 1999) and fodrin
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protein cargoes attached, from the sites of synthesis in
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the cell body to the sites of utilization at the tip of the
flagellum (Kozminski et al., 1995; Piperno and Mead,
1997; Cole et al., 1998). It remains unknown, however,

Summary whether the highly modified and atypical connecting
cilium that links the photoreceptor inner and outer seg-

To test whether kinesin-II is important for transport in ments utilizes kinesin-II for transport within the connect-
the mammalian photoreceptor cilium, and to identify ing cilium. Support for the proposition that kinesin-II
its potential cargoes, we used Cre-loxP mutagenesis performs important transport functions in photorecep-

tors comes from the observation that the KIF3A motorto remove the kinesin-II subunit, KIF3A, specifically
subunit of kinesin-II localizes to the connecting ciliumfrom photoreceptors. Complete loss of KIF3A caused
of photoreceptor cells in a variety of species (Beech etlarge accumulations of opsin, arrestin, and mem-
al., 1996; Muresan et al., 1997; Whitehead et al., 1999).branes within the photoreceptor inner segment, while
However, there is no functional evidence that KIF3Athe localization of a-transducin was unaffected. Other
(kinesin-II) is required for transport in photoreceptors.membrane, organelle, and transport markers, as well

To address directly the issues of kinesin-II cargoesas opsin processing appeared normal. Loss of KIF3A
and function in photoreceptor cells, we used a geneticultimately caused apoptotic photoreceptor cell death
approach to test whether KIF3A is essential for photore-similar to a known opsin transport mutant. The data
ceptor survival and transport within murine photorecep-suggest that kinesin-II is required to transport opsin
tor cells. Since systemic deletion of KIF3A results inand arrestin from the inner to the outer segment and
embryonic lethality (Marszalek et al., 1999; Takeda et

that blocks in this transport pathway lead to photore- al., 1999), we utilized Cre-loxP conditional mutagenesis
ceptor cell death as found in retinitis pigmentosa. to eliminate KIF3A protein only from photoreceptors in

3-week-old postnatal mice. Complete loss of KIF3A re-
Introduction sulted in aberrant opsin and arrestin transport, accumu-

lation of proteinaceous and membranous material within
Many specialized cells require large volumes of intracel- the inner segment of photoreceptors, and subsequent
lular transport because of their large size, or idiosyn- photoreceptor death via the apoptotic cell death path-
cratic geometry. Vertebrate photoreceptors, in particu- way. These data establish that KIF3A is essential for
lar, have a substantial transport burden owing to their photoreceptor survival and support the hypothesis that
unique organization. These cells have most of their bio- KIF3A transports opsin, arrestin, and possibly other ma-
synthetic machinery located in the photoreceptor cell terial from the photoreceptor inner to outer segment
body and inner segment, but the construction of the through the connecting cilium.
phototransducing outer segment disks takes place in
the photoreceptor outer segment, which is located on Results
the other side of a narrow connecting cilium. How mate-
rials needed for phototransduction, such as opsin, ar- Generation of Mice Lacking KIF3A Only
restin, and transducin, are moved to the outer segment, in Photoreceptors
remains unknown. It has been suggested that motor To determine the function of KIF3A in photoreceptors,
proteins, including kinesin-II, may drive the necessary we used Cre-loxP mutagenesis to generate mice that
transport processes. have the KIF3A gene deleted only in photoreceptor cells.

The kinesin-II holoenzyme was first identified in sea A KIF3A conditional mutant allele (KIF3Aflox) was gen-
urchin (Cole et al., 1993), and subsequently in most spe- erated that is identical to the wild-type KIF3A allele
cies and found to be composed of two motor subunits (KIF3AWT), except that it has two loxP site–specific re-
and one nonmotor accessory subunit (for review see combination sequences inserted into the intronic DNA
Marszalek and Goldstein, 2000). Genetic and localization sequences that flank the second protein coding exon
experiments in Chlamydomonas, Tetrahymena thermo- (Marszalek et al., 1999) (Figure 1A). Since only intronic
phila, C. elegans, and mouse, and microinjection experi- sequences of the KIF3A gene were altered, the KIF3Aflox

ments in sea urchin support the proposal that kinesin- allele should produce the normal amount and quality of
II is essential for the construction and maintenance of KIF3A protein. When we examined the neuroretina and

brain from KIF3AWT/KIF3AWT and KIF3Aflox/KIF3Aflox ani-
mals by Western immunoblotting, we found no alteration§ To whom correspondence should be addressed (e-mail: lgoldstein@

ucsd.edu). in the size or amount of KIF3A protein, establishing that
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Figure 1. Generation and Characterization of New KIF3A Alleles and creIRBP Transgene

(A) LoxP sites were introduced into intronic sequence that flank the second protein coding exon to generate the KIF3Aflox allele. Removing
the DNA between the loxP sites produced the KIF3Anull allele. Location of the PCR primers used to identify the KIF3A alleles are labeled. The
creIRBP transgene construct and the location of the primers that were used to score for the presence or absence of the transgene in mice are
pictured at the bottom.
(B) Western immunoblot probe for KIF3A protein in 10 mg of total retina and brain extract from KIF3Aflox/KIF3Aflox and KIF3AWT/KIF3AWT using
anti-KIF3A antibody (Marszalek et al., 1999).
(C) Ethidium bromide–stained gels showing the presence or absence of the creIRBP transgene in mouse tail DNA (upper panel) and which KIF3A
alleles are present (lower panel).

the KIF3Aflox allele and the KIF3AWT allele are interchange- and then calculating the percentage of KIF3Anull allele
present in the unknown samples by comparison to aable (Figure 1B). Therefore, in mice that do not contain

the creIRBP transgene, the KIF3AWT and KIF3Aflox alleles standard composed of various mixtures of DNAs iso-
lated from the neuroretinas of KIF3Aflox/KIF3AWT andwere used interchangeably.

The photoreceptor-specific IRBP (Interphotoreceptor KIF3AWT/KIF3Anull animals (Figures 2A and 2B; see Exper-
imental Procedures). Since the KIF3AWT allele does notmatrix Retinoid Binding Protein) promoter was used to

direct the expression of the Cre recombinase protein undergo recombination, it was not quantified and ex-
cluded from the calculation. We selected the KIF3Aflox/in photoreceptor cells (Figure 1A, bottom). The IRBP

promoter has been extensively characterized and found KIF3AWT; creIRBP for recombination analysis instead of
the KIF3Aflox/KIF3Anull; creIRBP or KIF3Aflox/KIF3Aflox; creIRBPto drive expression of reporter genes primarily in photo-

receptor cells (most recently Bobola et al., 1995). Ani- genotypes for two important reasons. First, if loss of
KIF3A protein results in rapid cell death, the amountmals possessing the KIF3Aflox allele and the creIRBP

transgene convert the KIF3Aflox allele to a KIF3Anull allele of excision will be substantially underestimated in the
KIF3Aflox/KIF3Anull; creIRBP and KIF3Aflox/KIF3Aflox; creIRBPonly in photoreceptor cells because the Cre recombi-

nase is only expressed in these cells. Excision of the retinas because only the remaining KIF3A heterozygous
and wild-type cells will be scored. Second, it is possiblesecond protein coding exon results in a frameshift of

the normal KIF3A coding sequence thereby producing to detect accurately low levels of recombination in
KIF3Aflox/KIF3AWT; creIRBP animals because there is noa 62 amino acid protein that only shares the original

methionine with the wild-type KIF3A protein. background KIF3Anull allele present in KIF3Aflox/KIF3AWT;
creIRBP animals.To determine the timing and quantity of conversion

of the KIF3Aflox allele to the KIF3Anull allele that is cata- Since only 70% of the cells within the neuroretina are
photoreceptor cells (Jeon et al., 1998), we expectedlyzed by the creIRBP transgene in photoreceptor cells, we

performed competitive quantitative PCR on DNA that that no more than 70% of the KIF3Aflox allele could be
converted to the KIF3Anull allele in the retinas of KIF3Aflox/was isolated from the neuroretinas of KIF3Aflox/KIF3AWT;

creIRBP animals at various ages. The extent of recombina- KIF3AWT; creIRBP animals. We found significant variation
in the amount of recombination among animals at everytion within each neuroretina was determined by quanti-

fying the intensity of the KIF3Anull and KIF3Aflox bands age examined (Figure 2C), except at 2 weeks of age and



Transport Defects in KIF3A Null Photoreceptors
177

Figure 2. Variation in Extent of Recombination with the creIRBP Transgene

(A) Ethidium bromide–stained gel of a dilution series of various mixtures of KIF3Anull/KIF3AWT and KIF3Aflox/KIF3AWT neuroretina DNA. (B) Graph
comparing the actual percentage of KIF3Anull allele in each mixture to that calculated from the KIF3Anull and KIF3Aflox band intensities of the
ethidium bromide–stained gel in (A). Note the linearity of the dilution series. (C) Graph showing the percentage of KIF3Anull allele observed in
the retinas of KIF3Aflox/KIF3AWT; creIRBP animals at various ages. (2 weeks, n 5 11; 3 weeks, n 5 28; 3.5 weeks, n 5 10; 4 weeks, n 5 15; 10–30
weeks, n 5 26). (D) Cartoon of a photoreceptor that depicts the different regions of a photoreceptor cell. (E–G) Light microscopy images of
retinas from 10-week-old animals. (E) A normal retina from a KIF3AWT/KIF3AWT animal. (F) A moderately affected retina from a KIF3Aflox/KIF3Anull;
creIRBP animal. (G) A severely affected retina from a KIF3Aflox/KIF3Anull; creIRBP animal. The light staining of INL nuclei in (G) is due to this retina
being embedded in LR White, while (E) and (F) are in epon. Also note the decrease in the number of photoreceptor nuclei and the decrease
in the length of inner and outer segments in (E) and (F). (H) Graph showing the distribution of photoreceptor cell number among 10-week-old
animals. (KIF3A Wild Type, n 5 6; KIF3A Heterozygous, n 5 13; KIF3A Null, n 5 8). Note the broad distribution of cell number among mutants
and that more than 50% of the mutant animals have less photoreceptor nuclei than the lowest control animals. OS, outer segment; IS, inner
segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; RGL, retinal ganglion layer. Scale bar 5 50 mm.

earlier when no excision was detected. Additionally, in animals that are 4 and 10-plus weeks of age (t test, p 5
0.30), but is significant between animals that are 3 andany single animal, the amount of recombination was

identical in each eye (data not shown). At 3 weeks of age 10-plus weeks of age (t test, p 5 0.001). The cause of
the variation in the amount of recombination is unclear,and older, the amount of recombination among animals

varied from none to nearly all of the KIF3Aflox allele con- but most likely is due to differences in the genetic back-
grounds among mice or inherent variability in creIRBPverted to the KIF3Anull allele in photoreceptor cells (Fig-

ure 2C). Most of the excision appears to occur between transgene expression.
3 and 4 weeks of age, since the percentage of animals
that exhibit .5% recombination increases from 18% at

Loss of KIF3A Results in Photoreceptor Death3 weeks to 53% at 4 weeks of age. However, additional
To determine whether the KIF3A protein is important forrecombination at the KIF3Aflox allele appears to be mini-
transport within photoreceptors, we generated KIF3Aflox/mal after 4 weeks of age, because the rate of recombina-

tion among animals is not statistically different between KIF3Anull; creIRBP animals. We used this combination of
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alleles, rather than two KIF3Aflox alleles to simplify analy- periphery of the accumulation, it was not present within
sis because all of the photoreceptors in these animals the accumulation (Figure 3B). We did not observe any
will be one of two genotypes: either KIF3Aflox/KIF3Anull or obvious accumulation of peripherin within or around
KIF3Anull/KIF3Anull. Examination of 10-week-old KIF3Aflox/ any accumulations (data not shown). Accumulation of
KIF3Anull; creIRBP retinas by light microscopy revealed that material within the inner segment of photoreceptors
the number of photoreceptor nuclei in these animals is from KIF3A heterozygous or wild-type control retinas
variable, ranging from no detectable reduction to loss was never observed indicating that the accumulations
of 80% of the photoreceptors (Figures 2E–2H). In the were linked to deletion of the KIF3A gene and most likely
retina that had lost 80% of its photoreceptor cells, there a result of the loss of the majority, if not all, of the KIF3A
were some regions completely devoid of all photorecep- protein. Additionally, in KIF3Aflox/KIF3Anull; creIRBP animals
tor nuclei (Figure 2G, arrow). However, in all of the less older than 4 weeks of age, we did not observe any
severely affected retinas, the loss of photoreceptors accumulation of material in the inner segment of any
appeared homogenous throughout the retina and both photoreceptors, nor many cells that were in the process
retinas of a single animal displayed the same degree of of degeneration, suggesting that the majority of cell
photoreceptor cell loss (Figure 2F). No cell loss was death occurred by 4 weeks of age. In many KIF3Aflox/
observed in 2-week-old KIF3Aflox/KIF3Anull; creIRBP retinas KIF3Anull; creIRBP animals, we observed photoreceptor
indicating that the reduced photoreceptor cell number cells that had degenerated to opsin-containing frag-
we observe is due to photoreceptor cell loss and not ments (Figure 3C). These profiles bear a striking resem-
lack of cell generation (data not shown). Additionally, blance to those described as a final stage of photore-
no effect of the creIRBP allele alone was observed (data ceptor degeneration in transgenic mice expressing
not shown). P347S opsin, which is not targeted properly to the outer

To determine whether retinal defects were restricted segment (Li et al., 1996).
to photoreceptor cells, we performed a morphological
and quantitative examination of the various cellular lay-

Opsin Mislocalization Precedes Photoreceptorers of the retinas from 10-week-old KIF3Aflox/KIF3Anull;
Cell DeathcreIRBP animals that exhibited moderate to severe photo-
To determine whether photoreceptor cell death causedreceptor cell loss. We observed no obvious differences
by loss of KIF3A is a consequence of defective transportin cell morphology or quantity in the retinal ganglion
of material from the inner to the outer segment, we usedor inner nuclear layer between KIF3Aflox/KIF3Anull; creIRBP

immunofluorescence and electron microscopy (EM) analy-animals and KIF3AWT/KIF3AWT or KIF3Aflox /KIF3AWT con-
sis to examine the neuroretinas of KIF3Aflox/KIF3Anull;trols (data not shown). We conclude that the retinal de-
creIRBP animals at various ages. Opsin is the most heavilyfects in KIF3Aflox/KIF3Anull; creIRBP animals are restricted
trafficked cargo to the outer segment and defects in itsto photoreceptor cells within the retina and are due to
transport have been implicated as a cause of photore-Cre mediated recombination with deletion of the KIF3A
ceptor degeneration and retinitis pigmentosa (Roof etgene.
al., 1994; Sung et al., 1994; Colley et al., 1995; Li et al.,
1996). Opsin accumulation is normally restricted primar-Accumulation of Material in the Inner Segment
ily to the outer segment of photoreceptor cells (Figureof KIF3A Mutant Photoreceptors
3B, cells with asterisk, and 4A). However, the first defectTo identify abnormalities that could provide insight into
that we observed by immuno-EM (Figure 3D, arrows)the defects resulting from removal of KIF3A protein,
and IF (Figure 4B, arrowheads) in a subset of KIF3Aflox/we examined the retinas from KIF3Aflox/KIF3Anull; creIRBP

KIF3Anull; creIRBP retinas is accumulation of opsin withinanimals at various ages by electron microscopy. If KIF3A
the cytoplasm of the inner segment, but not on theis responsible for transport of material from the inner seg-
plasma membrane, around 21–24 days of age. At thisment to the outer segment along the connecting cilium,
first stage, we do not detect any obvious photoreceptorwe expected accumulation of material within the inner
cell death or morphological abnormalities by conven-segment once KIF3A protein was removed. Consistent
tional EM or light microscopy.with this hypothesis, we observed striking accumulation

At 24–28 days of age, a subset of KIF3Aflox/KIF3Anull;of vesicular and proteinaceous material in the inner seg-
creIRBP animals (8 out of 29, 28%) exhibit abnormal accu-ment of photoreceptors only in KIF3Aflox/KIF3Anull; creIRBP

mulation of opsin in the cytoplasm and plasma mem-animals that were between 21 and 28 days of age (Fig-
brane throughout the cell (Figures 4B and 4C). Manyures 3A and 3B). In the most severely affected photore-
photoreceptors possessed obvious opsin accumulationceptors, accumulations were enormous, often larger in
within the inner segment, and weak opsin staining withindiameter than the normal inner segment (Figures 3A
the cell body (Figure 4B, arrow). In retinas where opsinand 3B).
staining was generally stronger in the inner segmentTo determine if the localization defect we observed
than the cell body of most cells, we did not observewas a consequence of a defective connecting cilium,
significant cell loss (Figure 4B). However, at apparentlywe cut serial cross-sections of photoreceptors to exam-
later stages, when strong opsin signal was detectedine the integrity of the connecting cilium in cells with
within the cell body, synaptic and inner segment regionsinner segment accumulations. Examination of these
of the photoreceptor cells (Figure 4C), photoreceptorsections revealed no obvious structural defect of the
cell loss was observed. Consistent with the variableconnecting cilium in cells that possessed inner segment
recombination observed by PCR and variable photore-accumulations (data not shown).
ceptor cell loss, the number of cells displaying defectiveWe also performed immuno-EM for opsin and periph-
opsin localization varied among animals from none toerin, two proteins that normally localize to the outer
as many as 75% of the remaining cells being affected.segment, to determine if either of these proteins local-

To determine whether null photoreceptor cells wereized within the inner segment accumulations. This analy-
sis revealed that while opsin was present around the dying through an apoptotic mechanism, we performed
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Figure 3. Ultrastructural Abnormalities Observed in Photoreceptors from KIF3Aflox/KIF3Anull; creIRBP Retinas

(A–D) Retina from a KIF3Aflox/KIF3Anull; creIRBP animal. (A) EM micrograph of a proteinaceous accumulation of material in the inner segment of
a mutant photoreceptor cell (arrow). Note the normal inner segment in the cell that is on the right of the mutant cell (asterisks). (B) Immunogold
labeling of a proteinaceous accumulation for opsin (arrow). Note the minimal labeling within the accumulation (star). (C) Immunogold labeling
of a cell whose outer segment has undergone fragmentation (arrows). (D) Immunogold labeling of photoreceptor cells for opsin. Note the gold
particles in the inner segment of a mutant photoreceptor cell (arrows) that is surrounded by normal cells that do not show opsin signal
(asterisks). The black lines outline the inner segment of a mutant cell. OS, outer segment; IS, inner segment. Scale bar 5 1 mm.

TUNEL assays on all of the mutant neuroretinas that death pathway. Therefore, mislocalization of opsin may
precede and cause the activation of the apoptosis celldisplayed aberrant opsin accumulation. TUNEL positive

nuclei were detected primarily in retinas that displayed death pathway in mutant photoreceptors. Initiation of
the apoptotic cell death pathway has also been reportedstrong staining of opsin throughout the photoreceptor

cells (Figure 4E). Most opsin positive cells were not in opsin, b-phosphodiesterase (rd) and peripherin (rds)
mutant mice and seems to be a common final step toTUNEL positive (Figure 4E, arrowhead), while almost

90% of TUNEL positive cells exhibited significant misac- cell death in photoreceptor mutants (Chang et al., 1993).
cumulation of opsin (Figure 4E, open arrowhead). The oc-
casional TUNEL positive nuclei that do not exhibit opsin
misaccumulation (Figure 4E, arrow) may be KIF3Aflox/ Most Photoreceptor Transport Pathways Are

Normal after Loss of KIF3AKIF3Anull cells that did not undergo Cre-mediated recom-
bination, and are dying as a result of degenerating neigh- To determine whether the opsin localization defect we

observed in mutant photoreceptor cells resulted fromboring KIF3A null cells, similar to that observed in P347S
mutant opsin/wild-type chimeric retinas (Huang et al., general disruption of intracellular transport, we used

double-staining immunofluorescence to examine the1993). Thus, it is likely that opsin misaccumulation pre-
cedes the entrance of the cell into the apoptotic cell distribution of other integral membrane proteins that are
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Figure 4. Misaccumulation of Opsin and Apoptotic Photoreceptor Cell Death in KIF3Aflox/KIF3Anull; creIRBP Animals

(A–C) Immunofluorescent staining for opsin. (A) A retina from a KIF3AWT/KIF3AWT animal. (B) A moderately affected retina from a KIF3Aflox/
KIF3Anull; creIRBP animal. (C) A severely affected retina from a KIF3Aflox/KIF3Anull; creIRBP animal. Note the accumulation of opsin in some inner
segments (arrowhead), cell bodies (arrows), and synapse (open arrowhead) in (C). The asterisk denotes the OPL. (D and E) Double labeling
for opsin (green) and TUNEL positive cells (red). (D) A KIF3AWT/KIF3AWT retina. (E) A retina from a KIF3Aflox/KIF3Anull; creIRBP animal. Note that
most cells that are TUNEL positive exhibit aberrant opsin localization (open arrowhead), but most cells that misaccumulate opsin are not
TUNEL positive (arrowhead). A rare TUNEL positive, opsin negative cell is noted with an arrow. OS, outer segment; IS, inner segment; ONL,
outer nuclear layer. Scale bar 5 5 mm.

trafficked to the synapse (SV2, synaptotagmin, VAMP, organelles might be responsible for, or correlate with
aberrant opsin distribution, we examined the endoplas-and SNAP-25) or outer segment (peripherin) and cyto-

solic proteins normally localized to the outer segment mic reticulum (ER), Golgi apparatus, and mitochondria
by immunofluorescence. Double staining experiments(a-transducin and arrestin). We never observed aberrant

localization of any of the synaptic cargoes in any of with opsin and either COX I—(mitochondria) (Figures
6A–6D), calreticulin—(ER) (Figures 6E–6H), or giantin—the photoreceptors with aberrant opsin accumulation

(Figures 5B–5D and data not shown), indicating that the (Golgi apparatus) (Figures 6I–6L, arrowheads) revealed
that in cells with inner segment opsin accumulation, thetransport of membranous cargoes to the synapse is

not substantially disrupted within mutant photoreceptor distribution of all of these organelles appeared normal
(Figure 6) when compared to control retinas.cells.

Examination of arrestin (a cytosolic outer segment To determine whether glycosylation still occurred in
mutant photoreceptors, we stained mutant neuroretinasprotein) in mutant retinas revealed that in all of the inner

segments of cells with mislocalized opsin, some arrestin with the lectin concanavalin A (Con A), which is specific
for mannose residues found on N-glycans producedcolocalized with the opsin signal (Figures 5F–5H, arrow-

heads). Peripherin localization, on the other hand, was after entry into the ER and Golgi. We observed signifi-
cant colocalization of opsin and Con A (Figures 6M–6P,not significantly altered in many mutant photoreceptor

cells (Figures 5J–5L, green arrowheads), especially in arrowheads) staining especially in the inner segment
of mutant photoreceptors, suggesting that aberrantlythe modestly affected retinas. However, in the most se-

verely affected mutant retinas (n 5 3), many of the mu- localized opsin was nonetheless processed through the
endoplasmic reticulum and the Golgi apparatus in mu-tant photoreceptor cells that exhibited aberrant opsin

localization also exhibited peripherin mislocalization, tant photoreceptor cells.
(Figures 5J–5L, red arrowheads). Taken together, these
data suggest that opsin misaccumulation occurred be-

Discussionfore peripherin misaccumulation. Additionally, within a
single mutant photoreceptor, misaccumulated periph-
erin staining rarely colocalized with opsin (Figure 5L, Photoreceptor Abnormalities in KIF3A

Mutant Micered arrowheads). Finally, we never observed any misac-
cumulation of a-transducin in any mutant photoreceptor We examined the consequence of removing the KIF3A

motor subunit of kinesin-II from photoreceptor cellscells, suggesting that its transport is unaffected by the
loss of KIF3A (Figures 5N–5P, arrowheads). using cre-loxP conditional mutagenesis (Marth, 1996).

We found that conversion of the KIF3Aflox allele to theTo determine whether severe alterations in the distri-
bution or localization of any of these inner segment KIF3Anull allele by the creIRBP transgene was variable among
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Figure 5. Selective Disruption of Transport in Mutant Photoreceptors

(A) Immunofluorescence of a KIF3AWT/KIF3AWT retina stained for the synaptic protein SV2. (B–D) A retina from a KIF3Aflox/KIF3Anull; creIRBP animal.
(B) Stained for SV2. (C) Stained for opsin. (D) Merge of B (red) and C (green). Note that the SV2 signal is limited to the synaptic region. (E) A
KIF3AWT/KIF3AWT retina stained for the cytosolic protein arrestin. (F–H) A retina from a KIF3Aflox/KIF3Anull; creIRBP animal. (F) Arrestin. (G) Opsin.
(H) Merge of (F) (red) and (G) (green). (I) A KIF3AWT/KIF3AWT retina stained for the outer segment protein peripherin. (J–L) A retina from a
KIF3Aflox/KIF3Anull; creIRBP animal. (J) Peripherin. (K) Opsin. (L) Merge of (J) (red) and (K) (green). Some inner segments accumulate only opsin
(green arrowheads), while others also have some misaccumulated peripherin (red arrowheads). (M) A KIF3AWT/KIF3AWT retina stained for the
membrane associated protein a-transducin. (N–P) A retina from a KIF3Aflox/KIF3Anull; creIRBP animal. (N) Stained for a-transducin. (O) Stained
for opsin. (P) Merge of (N) (red) and (O) (green). OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer.
Scale bar 5 5 mm.

animals and did not begin until approximately 3 weeks of Kinesin-II Is Required for the Transport
of Opsin and Arrestin from the Innerage postnatally when photoreceptor outer segments are

mature. Disruption of both KIF3A genes in photoreceptor to the Outer Segment
In photoreceptor cells, the minus ends of all of the innercells resulted in defective opsin and arrestin localization,

accumulation of unknown material within the inner seg- segment microtubules are oriented toward the basal
body, which is located in the distal portion of the innerment, and rapid photoreceptor cell death, most likely

through an apoptotic cell death mechanism. segment, just below the outer segment (Figure 7) (Troutt
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Figure 6. Organelles and Opsin Processing Are Not Altered in Mutant Photoreceptors

(A) A retina from a KIF3AWT/KIF3AWT animal stained for Cox I (mitochondria). Mitochondria are concentrated in the distal portion of the inner
segment (black line at right of (D). (B–D) A retina from a KIF3Aflox/KIF3Anull; creIRBP animal. (B) Stained for Cox I. (C) Stained for opsin. (D) Merge
of (B) (red) and (C) (green). (E) A retina from a KIF3AWT/KIF3AWT animal stained for calreticulin (endoplasmic reticulin). The ER is normally found
throughout the inner segment and cell body (black line at right of H). (F–H) A retina from a KIF3Aflox/KIF3Anull; creIRBP animal. (F) Stained for
calreticulin. (G) Stained for opsin. (H) Merge of (F) (red) and (G) (green). (I) A retina from a KIF3AWT/KIF3AWT animal stained for giantin (Golgi
apparatus). The Golgi apparatus is normally concentrated in the proximal portion of the inner segment (black line at right of L). (J–L) A retina
from a KIF3Aflox/KIF3Anull; creIRBP animal. (J) Stained for giantin. (K) Stained for opsin. (L) Merge of (K) (red) and (L) (green). Note the similarity
in the distribution of Cox I, calreticulin and giantin staining between KIF3AWT/KIF3AWT and KIF3Aflox/KIF3Anull; creIRBP retinas. Also note that none
of the organelles examined undergo obvious redistribution within the mutant photoreceptor cells (i.e., no redistribution to the cell body). (M)
A retina from a KIF3AWT/KIF3AWT animal stained with the lectin Concanavalin A (glycosylated opsin). (N–P) A retina from a KIF3Aflox/KIF3Anull;
creIRBP animal. (N) Stained with the lectin Concanavalin A. (O) Stained for opsin. (P) Merge of (N) (red) and (O) (green). OS, outer segment; IS,
inner segment; ONL, outer nuclear layer. Scale bar 5 5 mm.

and Burnside, 1988). Therefore, transport away from the of motile cilia in Chlamydomonas, Tetrahymena, and
sea urchin, as well as cilia on mouse embryonic nodalconnecting cilium toward the cell body or into the outer

segment would require a plus end–directed motor such cells, and immotile chemosensory cilia in C. elegans (for
review see Marszalek and Goldstein, 2000). The defectsas kinesin-II. Previous work established that kinesin-II

is required for the proper construction and maintenance we observe in KIF3Anull/KIF3Anull photoreceptor cells are
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peripherin or activation of the apoptotic cell death path-
way. Second, the opsin mislocalization defect we ob-
served in KIF3Anull/KIF3Anull photoreceptors is similar to
what has been reported for transgenic mice that express
Q344ter mutant opsin in which opsin transport to the
outer segment appears to be defective (Sung et al.,
1994). In this context, it was recently reported that muta-
tions in the tail domain of opsin might prevent it from
interacting with tctex-1, a dynein light chain. Such mu-
tants thus might interfere with the transport of mutant
opsin by dynein to the connecting cilium (Tai et al., 1999).
Third, the misaccumulation of opsin (Q344ter and P23H)
and activation of the apoptotic pathway (P347S) that
has been reported for opsin mutant mice is very similar
to what we observed in KIF3Aflox/KIF3Anull; creIRBP neuro-
retinas, suggesting that the same set of general path-
ways may be disrupted in all of these mutants (Chang
et al., 1993). The observation that the initial defect in
opsin transport mutants in Drosophila is increased levels
of opsin within the endoplasmic reticulum, eventually
leading to the death of the cell is also consistent with
this view (Colley et al., 1995).

Together, the data suggest that when the KIF3A pro-
tein level decreases to a point where opsin can not be
efficiently transported to the outer segment, it “backs-
up” within the inner segment. One speculation is that
docking sites located around the basal body or connect-
ing cilium become saturated when opsin is not trans-
ported properly to the outer segment. Since opsin is
the most heavily trafficked cargo to the outer segment,
back-up of opsin would result ultimately in the accumu-
lation of many additional outer segment cargoes (e.g.,

Figure 7. A Model for Opsin Transport to the Photoreceptor Outer peripherin) within the inner segment and therefore even-
Segment by Kinesin-II tually block all transport to the outer segment (Figures
(A) Opsin is processed in the Golgi apparatus and put into vesicles. 3A–3B).
(B) The carboxyl tail of opsin may interact with the Tctex-1 dynein An intriguing finding in this study is the colocalization
light chain and is transported along microtubules to the basal body

of the cytosolic protein arrestin with mislocalized opsin(Tai et al., 1999). (C) At the basal body the opsin-containing vesicle
in mutant inner segments. The simplest explanation formay fuse with the plasma membrane. Once in the plasma mem-
the arrestin mislocalization is that it is a cargo forbrane, kinesin-II may interact directly with opsin (D) or through a
kinesin-II. In fact, kinesin-II in Drosophila has been impli-raft complex (E) and be transported to the outer segment. (F) Arrestin

may also be transported to the outer segment through the connect- cated in transporting the cytoplasmic protein choline
ing cilium by kinesin-II. acetyltransferase within axons, suggesting that kinesin-

II is capable of transporting a subset of cytoplasmic
proteins (Ray et al., 1999). However, an alternative expla-

most consistent with a function of kinesin-II in transport nation suggested by the colocalization of arrestin with
within the highly specialized immotile connecting cilium. mislocalized opsin is that arrestin may be interacting
Since the transport of several proteins to the synapse with the misplaced opsin. Since transducin binds to
appeared to be unaltered in KIF3Anull/KIF3Anull photore- nonphosphorylated opsin, transducin would be ex-
ceptor cells, we conclude that transport of material from pected to bind misplaced opsin if it is not phosphory-
the inner segment to the synapse is less sensitive to lated, but transducin localization is completely normal
loss of kinesin-II. Additionally, the structure of the Golgi in mutant photoreceptors. Perhaps mislocalized opsin
apparatus in mutant photoreceptor cells appeared nor- within the inner segment is inadvertently activated and
mal and aberrantly localized opsin was glycosylated, phosphorylated, thus acting as a sink for arrestin to
suggesting that opsin is processed normally through bind. Interestingly, persistent binding of arrestin to
the Golgi apparatus in mutant cells. These data suggest phosphorylated opsin has been suggested as a contrib-
that the primary function of kinesin-II in photoreceptors utory factor that leads to photoreceptor degeneration
is not in protein glycosylation and processing as was in retinitis pigmentosa (Li et al., 1995; Rim and Oprian,
reported in Xenopus XL177 and A6 cell lines (Le Bot et 1995) and thus might also be contributory to cell death
al., 1998). Taken together, these results support a role for in KIF3A mutant photoreceptors. However, these mod-
kinesin-II in transport within the cilium of photoreceptor els are speculative and require further work to determine
cells. whether arrestin is a cargo of kinesin-II or its mislocaliza-

It is likely that kinesin-II is an essential motor needed tion is a secondary effect of opsin mislocalization.
for the transport of opsin to the outer segment for the The final stages of photoreceptor degeneration in
following reasons. First, aberrant accumulation of opsin KIF3Aflox/KIF3Anull; creIRBP mice are remarkably similar to
within the inner segment of KIF3Anull/KIF3Anull photore- the degeneration that is observed in all of the RP mu-
ceptor cells was the first and most common abnormality tant mice strains that have been reported (e.g., rd/b-

phosphodiesterase, rds/peripherin, and opsin mutantswe observed, probably preceding misaccumulation of
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Q334ter and P347S, but not P23H) (Ishiguro et al., 1987; motors, consistent with the suggestion that the raft com-
plex might associate with and transport integral mem-Nir and Papermaster, 1989; Nir et al., 1989, 1990; Can-
brane proteins such as opsin (Bloodgood, 1992) (Figurestera et al., 1990; Olsson et al., 1992; Chang et al., 1993;
7D and 7E).Huang et al., 1993; Roof et al., 1994; Li et al., 1996). In

However, biochemical attempts to isolate and identifythese well-characterized mouse strains, opsin becomes
the cargoes that interact with the raft complex have notaberrantly localized to the plasma membrane at late
been successful, perhaps because they are mediatedstages of photoreceptor degeneration around the time
by weak or transient interactions (Cole et al., 1998; Pip-they undergo apoptotic cell death. Additionally, detach-
erno et al., 1998). Our attempts to demonstrate directment of the photoreceptors from the retinal pigmented
binding of kinesin-II and opsin using coimmunoprecipi-epithelial cells in wild-type animals can also result in
tation and “GST pulldowns” with a GST-opsin fusionthe accumulation of peripherin and opsin throughout
protein were unsuccessful, suggesting that if a directthe photoreceptor cell, most likely a consequence of a
interaction occurs between kinesin-II and opsin, it is ofgeneral reduction in the rate of transport to the injured
low affinity or requires cofactors to stabilize the interac-outer segment, until its attachment is repaired (Fariss
tion. A raft complex has not been reported in mammals,et al., 1997).
but the mouse homolog (NGD5) of the p52 subunit in
Chlamydomonas and the osm-6 subunit of C. elegans
has been identified (Cole et al., 1998). The presenceA Model for the Opsin Transport Pathway
of a raft subunit homolog in mouse suggests that raftPrevious work suggests that the final posttranslational
complexes may also be used for transport along ciliamodifications of opsin are made within the Golgi appara-
in mammalian ciliated cells (Rosenbaum et al., 1999).tus where opsin is packaged into vesicles for transport
However, further work is needed to determine whetherto the distal inner segment at the basal body region
the raft complex is utilized for transport along cilia in(Papermaster et al., 1985; Deretic and Papermaster,
embryonic nodal and photoreceptor cells.1991) (Figure 7A). Once at the basal body, opsin-con-

taining vesicles appear to fuse with the plasma mem-
brane (Papermaster et al., 1985; Deretic and Papermas- Relevance to Human Retinal Disease
ter, 1991; Deretic et al., 1996). The hypothesis that opsin Since complete loss of kinesin-II function in embryos
is transported through the connecting cilium, and not (Nonaka et al., 1998; Marszalek et al., 1999; Takeda et

al., 1999) results in embryonic lethality, it is unlikely thatvia an extracellular route as suggested previously (Besh-
homozygous null mutations in kinesin-II subunits are aarse and Wetzel, 1995), is supported by the observation
cause of human retinitis pigmentosa (RP). Reduction inthat myosin VIIa mutant animals exhibit an increased
the amount or efficiency of KIF3A protein, however, mayopsin signal within the connecting cilium of mutant pho-
decrease the efficiency of transport of new materialtoreceptors (Liu et al., 1999). Like kinesin-II, myosin VIIa
through the connecting cilium needed to replace oldis present in the connecting cilium (Liu et al., 1997),
material phagocytosed by the retinal pigmented epithe-where it may perform an auxiliary, less critical role than
lial (RPE) cells. Interestingly, moderately acceleratedkinesin-II in transport of opsin to the outer segment,
photoreceptor cell death has been reported to occursince in mouse, myosin VIIa mutant photoreceptors do
in mice that possess one deleted copy of rhodopsinnot undergo obvious degeneration. However, in hu-
(Humphries et al., 1997; Lem et al., 1999), suggestingmans, myosin VIIa might be more critical since mutations
that reduction in the amount of outer segment proteins isin myosin VIIa result in Usher syndrome 1B, which in-
also generally deleterious and can lead to photoreceptorcludes progressive photoreceptor cell death (Weil et al.,
cell death. Based on our results, it will be important to1995).
determine whether any patients with hereditary RP haveAs opsin is transported through the connecting cilium,
defects in components of the kinesin-II cilia transportit might interact directly with kinesin-II or its KAP3 non-
pathway.motor subunit (Figure 7D) or indirectly through other

protein complexes (Figure 7E). In both C. elegans and
Experimental ProceduresChlamydomonas, the kinesin-II complex appears to in-

teract with a large proteinaceous “raft” complex that is
Generation of the KIF3A Conditional Allelecomposed of 15 different protein subunits (Cole et al.,
The construction of the KIF3A targeting vector, introduction into R11998). A series of experiments established that in Chla-
embryonic stem (ES) cells, and recombination to generate ES cells

mydomonas and C. elegans, the raft complex is trans- containing the KIF3A conditional allele (KIF3Aflox) was previously
ported from the cell body to the tip of the cilium by the described (Chui et al., 1997; Marszalek et al., 1999). Four indepen-
plus end–directed kinesin-II, and returned to the cell dent KIF3Aflox lines were established from sibling clones by back-

crossing to the C57BL/6 inbred mouse strain. KIF3A mice used forbody by the minus end–directed cytoplasmic dynein
analysis were a mixture of 129/SV/J and C57BL/6 inbred strains.(Pazour et al., 1998, 1999; Signor et al., 1999). It is be-

lieved that the raft complex acts as a carrier or attach-
ment structure for cargo transport, which cycles be- Generation of the IRBP-Cre Transgenic Animals

The creIRBP transgene vector was constructed by inserting the cretween the cell body and tip of the cilium by the action
recombinase coding sequence into the pML177mcs vector, whichof kinesin-II and dynein. Interestingly, electron micros-
contains the human growth hormone gene. The 1.3 kb fragment ofcopy of Chlamydomonas flagella revealed that the
the IRBP promoter was added to generate the IRBP-Cre recombi-plasma membrane that is adjacent to a raft is displaced
nase transgene plasmid (pcreIRBP). The creIRBP transgene DNA was

inward against the raft (Kozminski et al., 1993; Cole et introduced in CBA/Bl/6 F1 hybrid mouse oocytes by pronuclear
al., 1998). In addition, motility of glycoproteins within injection. One mouse was identified that possessed the creIRBP

the flagellar membrane has been extensively studied transgene and this founder was backcrossed to C57BL/6 animals
to establish the creIRBP transgenic line.and is believed to be a consequence of microtubule
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Genotyping and Quantification by PCR Quantification of Cells in the Neuroretina
Quantification of the number of photoreceptors in the neuroretinaThe PCR primers used to identify the three KIF3A alleles were de-

scribed in (Marszalek et al., 1999). The KIF3Aflox is z130 bp larger was performed using light microscopy. The numbers of nuclei within
a rectangle 140 mm wide were counted in three random areas ofthan the KIF3AWT allele because of the insertion of the loxP site. The

presence or absence of the creIRBP transgene was determined using the outer nuclear layer, excluding the most peripheral 100 mm of
the retina. The three numbers were then averaged to get a countPCR with primers specific to the cre-recombinase coding sequence:

cre-forward, CTGCATTACCGGTCGATGCA and cre-reverse, ACGT for each retina. There was little variation among areas sampled
within every retina examined.TCACCGGCATCAACGT (data not shown). Quantitative PCR was

performed using 25 ng of neuroretina DNA that was purified as
described (Marszalek et al., 1999). PCR fragments were separated TUNEL Staining for Apoptosis Detection
on a 1.5% agarose gel and the gel image was captured and the Detection of apoptotic cells within the retina was performed using
bands quantified using a Stratagene Eagle Eye imaging system. To the fluoroscein cell death kit (cat # 1,684,795) following the manufac-
allow quantification of recombination frequency, we constructed a turer’s instructions. These retinas were then stained for the presence
standard curve by mixing known amounts of KIF3Aflox/KIF3AWT DNA of opsin as described in the IF sections and observed on the confo-
with KIF3AWT/KIF3Anull DNA, doing the PCR, running the gel and cal microscope.
determining the band intensities. As Figure 2B shows, the PCR is
very linear allowing for an accurate determination of recombination Acknowledgments
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