Vision Research 49 (2009) 479-489

journal homepage: www.elsevier.com/locate/visres

Contents lists available at ScienceDirect ags%!\g_"j
Vision Research -
® 00c-@

Early defects in photoreceptor outer segment morphogenesis in zebrafish ift57,
ift88 and ift172 Intraflagellar Transport mutants ™

Sujita Sukumaran, Brian D. Perkins *

Department of Biology, Texas A&M University, 3258 TAMU, College Station, TX 77843, USA

ARTICLE INFO ABSTRACT

Article history:
Received 12 August 2008
Received in revised form 21 November 2008

Intraflagellar Transport (IFT) refers to a highly conserved process occurring in eukaryotic ciliated struc-
tures. In vertebrate photoreceptors, IFT mediates protein trafficking to the outer segments. The IFT par-
ticle is a multi-subunit complex and mutations in many individual components causes photoreceptor

defects. In zebrafish, mutations in the ift57, ift88, and ift172 genes result in retinal degeneration by 5 days
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post fertilization (dpf). Although the effects of these mutations on photoreceptor survival have been
described, early developmental morphogenesis remains poorly understood. We used transmission elec-
tron microscopy and immunohistochemistry to examine these mutants at 60, 72, and 96 h post fertiliza-
tion (hpf) and describe early photoreceptor morphogenesis defects.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Vertebrate photoreceptors have a unique morphology consist-
ing of an inner and outer segment linked by a connecting cilium.
The tip of the outer segment is shed on a daily basis and is phago-
cytosed by the retinal pigment epithelium (Young, 1967). To re-
place this lost material, the photoreceptor inner segments
contain cellular organelles that continuously supply material for
outer segment maintenance. The connecting cilium that bridges
the inner and outer segments possesses a 9 + 0 microtubule struc-
ture (Fawcett & Porter, 1954). The connecting cilium can be classi-
fied as having three distinct regions; an upper axoneme that is
continuous with the outer segment, a middle part that is sur-
rounded by surface membrane and a lower portion that penetrates
into the inner segment and attaches to the basal body, which is a
centriole-like structure that anchors the connecting cilium in reti-
nas (De Robertis, 1956).

In the initial stage of photoreceptor development, a cilium pro-
jects from a bulge of protoplasm of the inner segment (De Robertis,
1956). The apical end of the primitive cilium continues to enlarge
and accumulates “morphogenetic material” that consists of short
pieces of tubules and vesicles. Primitive disk membranes then re-
place the morphogenetic material and align transverse to the sur-
face membrane. These morphogenetic observations show that the
outer segment is formed as a result of differentiation of the distal
portion of the primitive cilia. The basal part of the cilium however,
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remains undifferentiated and is continuous with the basal body
(De Robertis, 1956; Horst, Johnson, & Besharse, 1990). The outer
segment hence requires transport of ciliary components, such as
membranes and microtubules, and proteins required for structure
and phototransduction (Mendez, Lem, Simon, & Chen, 2003; Per-
kins, Fadool, & Dowling, 2004; Peterson et al., 2003).

Protein trafficking via the connecting cilium is mediated by a
process known as Intraflagellar Transport (IFT). IFT was discovered
in the unicellular biflagellate organism, Chlamydomonas, as the
movement of granule like particles along the length of the flagella
(Kozminski, Johnson, Forscher, & Rosenbaum, 1993). In adult pho-
toreceptors, IFT proteins localize to the inner segment, basal body
region and along the length of the outer segment axoneme (Luby-
Phelps, Fogerty, Baker, Pazour, & Besharse, 2008; Pazour et al.,
2002). In vertebrates, mutations in the IFT particle affect several
tissues such as photoreceptors, kidney, nodal cilia, olfactory neu-
rons and hair cells (Pazour et al., 2002, Tsujikawa & Malicki, 2004).

Mutations in three specific IFT subunits, ift57, ift88, and ift172,
have profound effects on the retina (Gross & Perkins, 2008; Krock
& Perkins, 2008; Pazour et al., 2002; Tsujikawa & Malicki, 2004).
The mouse null mutants hippi, flexo, and wimple, which encode
Ift57, Ift88, and Ift172, respectively, cause defects in left-right pat-
terning and Shh signaling. These mutations result in embryonic
lethality prior to retinal differentiation, which has prevented analy-
sis of photoreceptor phenotypes in these mutants (Houde et al.,
2006; Huangfu et al., 2003). However, a hypomorphic mutation of
Ift88 in mice, the Ift88T737RPW 3]lele, is viable and shows gradual loss
of outer segments followed by photoreceptor degeneration (Pazour
et al,, 2002). We previously found that ift57 mutant zebrafish had
short outer segments whereas ift88 and ift172 mutants completely
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lack outer segments at 5 days post fertilization (dpf) (Gross et al.,
2005; Krock & Perkins, 2008). It is unclear, however, whether the ini-
tial stages of outer segment growth, such as primitive cilium projec-
tion or assembly of “morphogenetic material,” are also affected in
zebrafish ift57 mutants. Detailed ultrastructural analyses of ift88
and ift172 mutants at early timepoints have not been described
and it is unclear if loss of these subunits prevents all aspects of outer
segment formation or if early morphological differentiation occurs
but the nascent outer segment rapidly degenerates.

To address these questions, we analyzed the three IFT mutants
at 60 hpf, 72 hpf, and 96 hpf, by transmission electron microscopy
and immunohistochemistry to chart the progress of photoreceptor
morphogenesis and examine the distribution of proteins destined
for the outer segment. Our results indicated that outer segments
initially formed normally in a subset of ift57 mutant photorecep-
tors but further maturation was inhibited. In contrast, outer seg-
ment formation was never observed ift88 and ift172 mutants.
These results reveal subtle differences between various IFT mu-
tants and suggest different factors are necessary for initiating outer
segment formation.

2. Materials and methods
2.1. Zebrafish care and maintenance

The zebrafish oval locus encodes ift88 and oval mutants contain
a nonsense mutation resulting in a premature stop codon identi-
fied in exon 11 (Tsujikawa & Malicki, 2004). The ift88 null mutant
zebrafish were a gift from Jarema Malicki. ift57 and ift172 mutants
were obtained from a retroviral insertional mutagenesis screen
(Gross et al., 2005). All fish were maintained in accordance with
established procedures (Westerfield, 1995).

2.2. Transmission electron microscopy

All mutants and wild type fish were fixed at 60 hpf, 72 hpf, and
96 hpf in 1% paraformaldehyde, 2.5% glutaraldehyde, and 1% tannic
acid. Embryos were processed with osmium tetroxide as secondary
fixative, followed by a dehydration series in ethanol and infiltrated
with epoxy resin as previously described (Krock & Perkins, 2008).
Transverse sections (0.1 pm in thickness) obtained at the optic
nerve region were post stained with 2% uranyl acetate and Rey-
nolds lead citrate. Images were collected on a JEOL 1200EX trans-
mission electron microscope and whole images were adjusted for
brightness and contrast with Adobe Photoshop.

2.3. Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde at the designated
timepoints and processed as described previously (Perkins, Nicho-
las, Baye, Link, & Dowling, 2005). The dilution of primary antibod-
ies used were as follows: monoclonal 1D1 (1:100), monoclonal
ZPR1 (1:200), monoclonal anti-acetylated tubulin (Sigma 1:500),
rabbit polyclonal anti-IFT52 (1:3000), and polyclonal anti-IFT88
(1:5000) (Krock & Perkins, 2008). Fluorescent labeled anti-mouse
and anti-rabbit secondary antibodies were used at 1:500 dilutions
(Invitrogen). DAPI (1:400) was used as a counter stain. Images
were collected using an Axiolmager fitted with an ApoTome
attachment (Zeiss) and processed with Adobe Photoshop.

2.4. SDS page and western blotting
Embryo heads were removed at 60, 72, and 96 hpf and lysis buf-

fer (PBS + 1% Triton + 5 mM EDTA) was added at 3 pl per head. The
lysate was homogenized and sonicated prior to dilution in 4x SDS

buffer. The solution was boiled at 95 °C for 5 min and centrifuged
for 10 min at 13,200 rpm. Samples were loaded on 12% Tris-HCl
ready gels (Bio-Rad). Proteins were transferred onto a PVDF mem-
brane and labeled with appropriate antibodies. The primary anti-
body dilutions used are as follows: Rabbit anti-IFT88 (1:3000),
Rabbit anti-IFT52 (1:1500), and mouse anti-acetylated tubulin
(1:10,000) (Sigma). Super signal west femto maximum sensitivity
substrate (Thermo scientific) and Immunostar HRP substrate Kit
(Bio-Rad) were used as secondary antibodies for detection of IFT
antibodies and acetylated tubulin, respectively.

3. Results

We analyzed the zebrafish ift57"3417/curly  ifggtz288bjoval = gpd
ift172m2211/moe. mytant alleles, which we will refer to as the ift57,
ift88, and ift172 mutants, respectively. The ift57 and ift172 muta-
tions resulted from retroviral insertions into exons near the 5’
end of the gene (Amsterdam et al., 1999), whereas the ift88 muta-
tion is a nonsense mutation generated by ENU mutagenesis (Mal-
icki et al., 1996). These mutants were described as having defects
in ciliated sensory neurons and pronephric cilia (Gross et al.,
2005; Sun et al., 2004; Tsujikawa & Malicki, 2004).

Zebrafish carrying homozygous mutations in the ift57, ift88, and
ift172 genes exhibit photoreceptor cell death (Gross et al., 2005;
Krock & Perkins, 2008; Tsujikawa & Malicki, 2004). The 60 hpf
timepoint was chosen because the first photoreceptors begin to
differentiate at 50-54 hpf (Hu & Easter, 1999; Raymond, Barthel,
& Curran, 1995; Raymond, Barthel, Rounsifer, Sullivan, & Knight,
1993) and the first outer segments can be readily observed at 60
hpf (Schmitt & Dowling, 1999). Analysis at 72 and 96 hpf were
used to determine any defects in outer segment development as
wild type retinas mature (Nawrocki, 1985).

We used transmission electron microscopy to analyze early pho-
toreceptor anatomy and outer segment structure at 60 hpf in all
three IFT mutants (Fig. 1). Transmission electron microscopic study
of wild type photoreceptor architecture at 60 and 72 hpf has been
previously described in detail (Schmitt & Dowling, 1999). Consistent
with these previous studies, we observed similar features in wild
type embryos at 60 hpf, such as large numbers of mitochondria in
the inner segments and sporadic outer segments in the ventral patch
(Fig. 1A-C). Wild type photoreceptor outer segments were short but
contained loosely stacked disk membranes and connecting cilia
were observed (Fig. 1B). We occasionally observed primary cilia ex-
tended from the apical surface of the inner segment in central and
dorsal regions of the retina, where morphogenesis was just begin-
ning (Fig. 1C). We found outer segments in ift57 mutants at this time-
point (Fig. 1D-F). These outer segments contained regularly stacked
disk membranes and did not differ significantly from wild type. Sta-
tistical analysis using a student t-test between wild type and ift57
mutant embryos revealed no difference in outer segment length at
this timepoint (Fig. 4A; p > 0.05). In contrast, we never observed or-
ganized structures resembling an outer segment in ift88 or ift172
mutants (Fig. 1G-L). Interestingly, we occasionally observed disor-
ganized membrane material deep within the inner segment and be-
low the mitochondria (Fig. 1K). In both ift88 and ift172 mutants, we
also observed disorganized membranes in the apical region of the in-
ner segments (Fig. 1H, I, and L). However, connecting cilia were not
detected in ift88 or ift172 mutants and these disorganized structures
did not resemble outer segments. On rare occasions, we observed
parallel arrays of membrane along the lateral membrane of all IFT
mutants, which were similar to the ones observed along the lateral
membrane for ift88 mutants at 88 hpf (Tsujikawa & Malicki, 2004).

We next examined the IFT mutants at 72 hpf to look for elonga-
tion of outer segments and further photoreceptor differentiation.
Wild type larvae at 72 hpf showed an increase in number of outer
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Fig. 1. Transmission electron micrographs of transverse sections along the dorsal-ventral axis of wild type, ift57, ift88, and ift172 mutant zebrafish at 60 hpf. (A) In wild type
retinas, few outer segments were observed at low magnification. The interphotoreceptor space was seen between the inner segments and the pigment epithelium (short
arrows). Photoreceptor nuclei (n) were easily identified. (B and C) At higher magnification, short outer segments with loosely organized disk membranes were seen.
Connecting cilia and primitive cilia (arrows) projected from the inner segment above the mitochondria (m) and nuclei (n). (D) ift57 mutants appeared similar to wild type
retinas at low magnification. (E and F) High magnification of ift57 mutants revealed outer segments with stacked disk membranes and connecting cilia (arrow) that were
located distal to the mitochondria (m) and nuclei (n). (G) An electron micrograph of an ift88 mutant looked similar to wild type and the interphotoreceptor space remained
present (short arrows). (H and I) Outer segments were never observed in ift88 mutants and disorganized membrane structures (arrowheads) were seen at the apical surface of
the inner segment, above the mitochondria and nuclei. (J) A low magnification image of ift172 mutants showed few differences from wild type. (K and L) High magnification
electron micrographs revealed disorganized membrane structures (arrowheads) located deep within the inner segment below the mitochondria (m), as well as at the apical

surface. Scale bars =4 um (A, D, G, and ]), and 400 nm (B, C, E, F, H, I, K, and L).

segments and the disk membranes became more tightly stacked
and organized (Fig. 2A-C). Surprisingly, we did not observe an in-
crease in outer segment length between 60 hpf and 72 hpf in wild
type embryos (Fig. 4A and C). At 72 hpf, a small number outer seg-
ments were still observed in ift57 mutants (Fig. 2D-F). Overall, ift57
mutants had 88% fewer outer segments than the wild type siblings
(Fig. 4B). However, the existing outer segments showed no differ-
ence in length from the wild type (Fig. 4C; p > 0.05). Connecting ci-
lia were observed in several photoreceptors in both wild type and
ift57 mutants (Fig. 2; arrows). Outer segments and ciliary projec-
tions were still absent in ift88 and ift172 mutant embryos at this
timepoint, suggesting that outer segment formation and ciliogene-
sis failed to occur and was not simply delayed (Fig. 2C and D). We
continued to observe disorganized membranous structures in the
ift88 and ift172 mutants (Fig. 2; arrowheads). These structures
were deeper within the inner segment and often seen below the
mitochondria (Fig. 21, K; arrowheads). In one image, a centriole

was observed deep within the inner segment and away from the
apical surface where the basal body would normally be found
(Fig. 2L; asterisk).

At 96 hpf, the outer segments of both rod and cone photorecep-
tors can be observed throughout the retina and photoreceptor nu-
clei exhibit tiering within the outer nuclear layer (Fig. 3A and E). At
96 hpf, ift57 mutants were much shorter (Fig. 3B and F), although
disk stacking appeared normal, similar to our previous observa-
tions (Krock & Perkins, 2008). The number of outer segments ob-
served in ift57 mutants was reduced by 90% when compared to
wild type larvae (Fig. 4D) and pyknotic nuclei and acellular holes
were observed, indicating cell death (Krock & Perkins, 2008); data
not shown). In wild type larvae, outer segment length increased
significantly between 72 hpf and 96 hpf to almost 4 microns
(Fig. 4E). In contrast, ift57 mutant outer segments did not signifi-
cantly increase in length and were 38% shorter than wild type out-
er segments. These data indicate that ift57 mutant photoreceptors
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Fig. 2. Transmission electron micrographs of transverse sections along the dorsal-ventral axis of wild type, ift57, ift88 and ift172 mutant zebrafish at 72 hpf. (A) Electron
micrograph of a wild type embryo showed photoreceptor outer segments (arrows) that were easily observed at low magnification. (B and C) Higher magnification showed
that outer segment disk membranes are well organized and the connecting cilium (arrows) can be seen. These cilia were approximately 300 nm in width and 500 nm in
length. Mitochondria (m) were observed in the apical inner segment. (D) In ift57 mutants, outer segments were observed at low magnification. (E and F) At higher
magnification, the disk membranes were well ordered but the outer segments appear somewhat disheveled compared to wild type. Arrows denote connecting cilia. (G) In
ift88 mutants, no outer segments were seen and disorganized membrane structures (arrowhead) were seen near the nuclei (n). (H and I) Higher magnification images
revealed the interphotoreceptor space (ips) between the RPE and the mitochondria (m), as well as membrane structure (arrowheads) located basal to the mitochondria. (J)
Electron micrograph of an ift172 mutant also showed no outer segments. (K and L) Disorganized membrane structures (arrowhead) running parallel to the plasma membrane
were seen basal to the mitochondria (m). A centriole (asterisk) that may be part of a mispositioned basal body was also seen several hundred nanometers away from the

apical surface and below a mitochondria (m). Scale bar =4 um (A, D, G, and ]), and 400 nm (B, C, E, F, H, I, K, and L).

were unable to extend the outer segments like wild type animals
(Fig. 4E). We previously noted that ift57 mutant photoreceptors
were 75% shorter at 96 hpf (Krock & Perkins, 2008). In the previous
work, however, outer segment measurements were limited to the
ventral retina where photoreceptor differentiation initiates and
where the oldest, and therefore largest, photoreceptors reside. In
the current analysis, we measured outer segments from both rods
and cones throughout the entire retina and we included measure-
ments of outer segments from younger photoreceptors in both
wild type and ift57 mutants. Thus, ift57 mutant photoreceptors re-
main shorter than wild type, but ventral photoreceptor outer seg-
ments were much shorter than wild type relative to dorsal
photoreceptors. Even at this late stage of development, we failed
to observe any outer segments in ift88 and ift172 mutant embryos
(Fig. 3C, D, G, and H). Disorganized membranous structures were
found at all time points in the three mutants. The loosely arranged
stacks could represent membranous material unable to extend

from the apical surface and form outer segments, thus leading to
toxicity and degeneration of photoreceptors in the mutants. Collec-
tively, these data draw a picture of failed attempts at outer seg-
ment morphogenesis in ift88 and ift172 mutants and the inability
to grow and maintain outer segments in ift57 mutants, all of which
resulted in maturation defects and ultimately premature death.
To complement the TEM data, we performed immunohisto-
chemistry to identify defects in protein trafficking and cell mor-
phology at the three time points. The outer segment defects
observed by electron microscopy led us to hypothesize that rho-
dopsin would be mislocalized to the inner segments of IFT mu-
tants. We stained retinal sections of 60 hpf embryos using 1D1,
an antibody against rhodopsin. While rhodopsin mRNA can be ob-
served as early as 50 hpf in wild type embryos (Schmitt & Dowling,
1996), only a limited number of cells were observed with rhodop-
sin immunoreactivity. Cells staining positive for rhodopsin re-
vealed rhodopsin localization to the outer segment in wild type
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Fig. 3. Transmission electron micrographs of transverse sections along the dorsal-ventral axis of wild type, ift57, ift88, and ift172 mutant zebrafish at 96 hpf. (A-D) Low
magnification images revealed longer outer segments (os) in wild type embryos. Photoreceptor outer segments were present in ift57 mutants but were significantly shorter
than wild type. Mitochondria (m) and nuclei (n) appear to be normal in the mutants. No outer segments were present in ift88 and ift172 mutants. Nuclei of ift88 and ift172
mutants were less elongated than wild type and pyknotic nuclei (asterisk, C) were occasionally observed. (E-H) At higher magnification, the disk membranes of wild type and
ift57 mutant outer segments were highly organized. Arrow indicates connecting cilium. Numerous mitochondria (m) were seen in the apical inner segments of wild type and

mutant photoreceptors. Scale bars = 1 pm (A-D), and 500 um (E-H).

and ift57 mutants (Fig. 5A, B), although some mislocalization was
also seen in ift57 mutants. In contrast, both ift88 and ift172 mutants
exhibited rhodopsin mislocalized to the inner segment and plasma
membrane, indicating that protein trafficking was abnormal in
these mutants (Fig. 5C and D). We also used zpr1, which is also
known as Fret-43 and stains red/green double cones, to investigate
cell morphology of mutant cone photoreceptors (Fig. 5E-H). Nor-
mal cone morphology, as noted by the columnar shape and orderly
distribution of cells, was observed in wild type sections, as well as
all three IFT mutants. To determine if the trafficking defects ob-
served in IFT mutant rods also occurs in cones, we examined the
localization of a cone visual pigment. Blue opsin (BOPS) is ex-
pressed in the long single cones of zebrafish (Raymond et al.,
1993) and localizes to the outer segment of adults (Vihtelic, Doro,
& Hyde, 1999). In retinas of 60 hpf wild type animals, BOPS stain-
ing localized to the apical inner segment, although some staining
remained in the plasma membrane and inner segment (Fig. 5I).
In all three IFT mutants, BOPS staining was observed in the apical
region of the photoreceptors in a pattern similar to wild type em-
bryos (Fig. 5]-L). As outer segments were very small at 60 hpf in
the wild type and ift57 mutants and not observed in the ift88 and
ift172 mutants by electron microscopy, we suspected that BOPS
staining represents opsin in the apical inner segments, while the
nascent outer segments cannot be distinguished at this timepoint.

We next investigated whether loss of individual IFT compo-
nents affected the localization of other IFT proteins. We used anti-
bodies against the zebrafish IFT52 and IFT88 proteins (Krock &
Perkins, 2008) to examine localization of these proteins and co-
stained with acetylated tubulin to detect any nascent cilia. At 60
hpf, we observed small foci of immunoreactivity against IFT52
and IFT88 that co-localized with acetylated tubulin in wild type
sections (Fig. 5M, Q; arrows). As few photoreceptors have differen-
tiated at this timepoint, we rarely observed more than three or four
foci of colocalization in each section. Immunoreactivity against
IFT52 and IFT88 was not seen in the three mutants (Fig. 5N-P
and R-T). This led us to propose two possibilities: (1) The IFT52
and IFT88 subunits were absent in the mutants or (2) Loss of other
IFT components resulted in mislocalization of IFT52 and IFT88 pro-
tein and redistribution throughout the cell such that the concen-

tration of these polypeptides was below the level of detection by
immunohistochemistry. Western blot analysis showed that IFT52
was present in all mutants, although at lower levels than observed
in wild type embryos (Fig. 6). Similarly, IFT88 was present at re-
duces levels in ift57 and ift172 mutants. We did not detect any
IFT88 protein in the ift88 mutants, consistent with previous results
showing oval mutants result from a null allele (Krock & Perkins,
2008; Tsujikawa & Malicki, 2004). The results from western blots
suggest that IFT52 and IFT88 could be present in the apical region
of the IFT mutants, but at concentrations below the level of detec-
tion by immunohistochemistry. To ensure that IFT protein mislo-
calization did not reflect the inability to position the ciliary
apparatus, we used antisera that recognize centrin to determine
the location of basal bodies in photoreceptors (Giessl et al.,
2004). Small foci of centrin staining were observed in wild type
and IFT mutants in the apical inner segment (Fig. 5U-X; arrows).
These results suggested that IFT mutants correctly positioned basal
bodies at 60 hpf.

Changes in photoreceptor health were first evident by 72 hpf
and became more pronounced by 96 hpf. By 72 hpf rhodopsin fully
localized to the outer segments of wild type embryos (Fig. 7A). In
contrast, rhodopsin was mislocalized and found in both the outer
and inner segment region of ift57 mutants, indicating that protein
trafficking was disrupted in these mutants (Fig. 7B). ift88 and ift172
mutant embryos showed complete mislocalization of rhodopsin,
consistent with the lack of outer segments observed with TEM
(Fig. 7C and D). Staining with zpr1 revealed that the cones exhib-
ited early stages of disorganization in all the three mutants as com-
pared to wild type cones (Fig. 7E-H). In wild type sections, blue
cone opsin was concentrated at the apical end of photoreceptors,
although some mislocalized protein was still seen (Fig. 7I). The
ift57 mutant photoreceptors showed slightly more mislocalization
in the plasma membrane and basal regions of the inner segment,
whereas ift88 and ift172 mutants exhibited strong mislocalization
(Fig. 7J-L), which is consistent with previous reports on the zebra-
fish ift88 mutant at 3 dpf (Doerre & Malicki, 2002). Antibodies
against IFT52 and IFT88 recognized small foci in the basal body re-
gion and connecting cilia in wild type photoreceptors (Fig. 7M, Q;
arrows). However, we could still not detect these IFT components
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Fig. 4. Statistical analysis of the number and length of outer segments between wild type and ift57 mutants. (A) At 60 hpf, ift57 mutants showed no difference in length when
compared to wild types. (B-C) At 72 hpf, the number of outer segments in ift57 mutant was reduced by 88% with no statistical difference in outer segment length. The length
of the wild type outer segments did not significantly increase between 60 hpf and 72 hpf. (D-E) At 96 hpf, the number and length of outer segments was reduced by 90% and

38%, respectively.

in any of the IFT mutants at 72 hpf (Fig. 7N-P and R-T). We per-
formed western blotting at 72 hpf and revealed the presence of
IFT52 protein in all three mutants and IFT88 protein in ift57 and
ift172 mutants (Fig. 8). As protein extracts were obtained from em-
bryo heads rather than isolated retinas, we cannot rule out the pos-
sibility that IFT proteins are indeed missing from photoreceptors
and the immunoreactivity we observed by western blotting re-
flected expression in other cell types within the CNS. This seemed
unlikely as we observed IFT52 and IFT88 immunoreactivity in the
ift57 mutant photoreceptors at later timepoints when photorecep-
tors are more mature (see below). In wild type and all IFT mutants,
centrin immunoreactivity remained located at the apical part of
the inner segment and was often seen just below short ciliary pro-
jections in wild type photoreceptors (Fig. 7U-X). The location of
centrin staining in the mutants suggests loss of IFT components
did not dramatically affect proper positioning of basal bodies but
the initial formation of photoreceptor axonemes likely requires
the function of ift88 and ift172.

Immunohistochemical analysis at 96 hpf revealed more dra-
matic changes in photoreceptor structure and protein localization.
Staining with 1D1 revealed that rhodopsin remained mislocalized
to the inner segment region in ift88 and ift172 mutants (Fig. 9A-
D). In ift57 mutants, rhodopsin was mislocalized more to the inner
segment region when compared to the earlier time points (Fig. 9B).
This result, along with TEM data, supports the idea that ift57 mu-
tants are unable to maintain outer segments during later develop-
ment, possibly because of increased rhodopsin mislocalization.

Zpr1 labeling showed that the mutant cone photoreceptors ac-
quired a disheveled appearance, suggestive of degeneration due
to the lack outer segments (Fig. 9E-H). By this timepoint, BOPS
was localized almost exclusively to cone outer segments in wild
type animals (Fig. 91). In contrast, ift57 mutant cones retained some
BOPS in small outer segments but also showed mislocalization
throughout the plasma membrane. In ift88 and ift172 mutants
BOPS immunoreactivity was seen throughout the inner segment
and plasma membrane and no outer segment staining could be
found. Antibodies against IFT52 and IFT88 were found localized
to the basal body region and connecting cilia in the wild type
and ift57 mutants (Fig. 9M, N, Q, and R; arrows). Compared to wild
type embryos, the number of photoreceptor cilia was significantly
reduced in ift57 mutants (compare arrows in Fig. 9M, N, Q, and R),
which was consistent with the ultrastructural data showing re-
duced number of outer segments in the mutant. We again failed
to detect IFT52 immunoreactivity in ift88 mutant zebrafish
(Fig. 9S) although very small foci of IFT88 and IFT52 immunoreac-
tivity were occasionally seen scattered throughout the inner seg-
ments of ift172 mutants (Fig. 9P and T). However, western blots
from the earlier time points showed that these subunits were ex-
pressed in the mutants but could not be detected by immunohisto-
chemistry and we have previously documented that IFT88 and
IFT52 are present at 96 hpf (Krock & Perkins, 2008). The ift88 and
ift172 mutants did not show any acetylated tubulin staining in
the area predicted for connecting cilia, strongly suggesting that ci-
lia are absent in these mutants (Fig. 90, P, S, T, W, and X). Finally,
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Fig. 5. Immunohistochemical analysis of wild type, ift57, ift88, and ift172 mutant
zebrafish at 60 hpf. (A-D) 1D1 (green), a marker for rhodopsin, localized to the
outer segment region in wild type and ift57 mutants. Strong mislocalization to the
inner segment was also observed in ift57 mutants, as well as ift88, and ift172
mutants. (E-H) Zpr1 (green), a label for red/green double cones gave an elongated,
columnar morphology in wild type animals. Cone morphology was disheveled in
the three mutants. (I-J) Blue opsin (BOPS) was seen in small foci of wild type
photoreceptors. Similar staining was seen in ift57, ift88, and ift172 mutants. (M-P)
IFT52 (red) co-localized with acetylated tubulin (green) in the connecting cilia of
wild type animals (arrows). No such staining was observed in ift57, ift88, and ift172
mutants. (Q-T) IFT88 (red) also showed apical localization in wild type animals
(arrows). The staining partially overlapped with acetylated tubulin (green). No such
staining was observed in IFT mutants. (U-X) The basal body marker centrin (red)
localized to the apical surface of the inner segment. Acetylated tubulin (green)
denotes microtubules. Centrin was seen in wild type and all IFT mutants (arrows).
In all images, the tissues were counterstained with DAPI (blue). Scale bar = 20 pm.

WT .

IEL8S

IFT52

Fig. 6. Western blot analysis of whole wild type and IFT mutant embryos at 60 hpf.
Immunoreactivity against IFT52 protein (top row) was detected in wild type, ift57,
ift88, and ift172 mutants. Immunoreactivity against IFT88 protein (middle row) was
seen only in wild type, ift57 and ift172 mutants, thus showing that the ift88 mutant
is null. Acetylated tubulin (AT) served as a control (bottom row).

wild ift57" ift172+"

Fig. 7. Immunohistochemical analysis of wild type, ift57, ift88 and ift172 mutant
zebrafish at 72 hpf. (A-D) 1D1 (green), a marker for rhodopsin, localized to the
outer segment region in wild type and ift57 mutants. Strong mislocalization to the
inner segment was observed in ift57 mutants, as well as ift88, and ift172 mutants.
(E-H) Zpr1 (green), a label for red/green double cones gave an elongated, columnar
morphology in wild type animals. The columnar morphology was disrupted in the
three mutants. (I-]) Blue opsin (BOPS) was localized to putative outer segments of
wild type photoreceptors, although some mislocalization was seen. Staining was
observed in small the apical region of IFT mutant photoreceptors but strong
mislocalization was seen in the ift88 and ift172 mutants. (M-P) IFT52 (red) co-
localized with acetylated tubulin (green) in the connecting cilia of wild type
(arrows). No such staining was observed IFT mutants. (Q-T) IFT88 (red) also showed
strong apical localization in wild type embryos (arrows). The staining partially
overlapped with acetylated tubulin (green). No staining was seen in the IFT
mutants. (U-X) The basal body marker centrin (red) localized to the apical surface
of the inner segment. Acetylated tubulin (green) denotes microtubules. In all
images, the tissues were counterstained with DAPI (blue). Scale bar = 20 um.

centrin immunoreactivity remained predominantly localized to
the apical region of the inner segment in wild type and all three
IFT mutants (Fig. 9U-X). In ift172 mutants, some centrin staining
was observed deeper within the inner segment (Fig. 9X; arrow-
heads). Fewer foci of centrin immunoreactivity were observed in
ift88 and ift172 mutants, which correlated with the loss of
photoreceptors.

4. Discussion

We investigated the progression of photoreceptor morphogene-
sis in zebrafish ift57, ift88, and ift172 mutants. A unique aspect of
our study was the examination of mutant photoreceptors at 60
hpf when outer segment morphogenesis first becomes apparent
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IFT52

IFT88

Fig. 8. Western blot analysis of whole wild type and IFT mutant embryos at 72 hpf.
Immunoreactivity against IFT52 (top row) were detected in wild type and mutants
at 72 hpf, confirming the expression of these subunits. IFT88 immunoreactivity
(middle row) was not seen in the ift88 mutants but continued to be expressed in
other mutants as well as wild type. Acetylated tubulin (AT) served as a control
(bottom row).

in zebrafish (Schmitt & Dowling, 1999). Previous reports focused
largely on photoreceptor survival at 4 and 5 dpf and none have
reported ultrastructural data as early as 60 hpf. Classic electron
microscopy studies suggested that vertebrate outer segment for-
mation could be divided into three stages (De Robertis, 1956,
1960). First, a primitive cilium extends from the apical surface
of the cell. Second, vesicles and primitive “rod sacs” accumulate
at the apical end of the primitive cilium. Third, the membranes
undergo remodeling and reorientation to form flattened disks.
We propose a fourth stage where outer segment grows and ex-
tends into its mature length. Our new data suggest that ift57
mutants successfully complete the first three stages of outer seg-
ment morphogenesis but fail to extend beyond a rudimentary
length and subsequently die. Furthermore, we could not find evi-
dence that ift88 and ift172 mutant photoreceptors were compe-
tent to complete the first stage of extending a primitive cilium
(Table 1).

Defects in photoreceptor outer segment formation have been
extensively documented for the hypomorphic Ift887737R*" mutant
mice (Pazour et al., 2002) and the null ift88 mutant zebrafish
(Doerre & Malicki, 2002; Krock & Perkins, 2008; Tsujikawa & Mal-
icki, 2004). Consistent with previous zebrafish studies, we do not
observe ciliary structures in ift88 mutants at 72 hpf or 96 hpf by
either acetylated tubulin staining or ultrastructural analysis.
Although cilia and newly forming outer segments were readily ob-
servable in wild type embryos, we were unable to detect primitive
cilia or loosely aggregated outer segment material in ift88 mutants
at 60 hpf. These results argue that loss of ift88 totally prevents cilia
formation in photoreceptors. Characterization of individual com-
ponents of the complex has shown that IFT subunits may play dif-
ferent roles in various ciliated tissues of the animal (Gross et al.,
2005; Sun et al., 2004; Tsujikawa & Malicki, 2004). Interestingly,
ift88 mutants form sensory cilia in the otic vesicle and nasal epi-
thelium during embryogenesis by 30 hpf, although these cilia are
not maintained (Tsujikawa & Malicki, 2004 ). These results may re-
flect the contribution of maternal protein as IFT88 was detected at
low levels at 48 hpf by western blotting (Perkins et al., unpublished
results).

Our work also provides the first detailed analysis of how loss of
ift172 affects photoreceptor development. Previous studies demon-
strated that zebrafish ift172 mutants form kidney cysts (Sun et al.,
2004) and the ift172 mutant was found in a screen for eye defects
(Gross et al., 2005). Our data shows that loss of ift172 results in
phenotypes that closely resemble, but are distinctive from that of
ift88 mutants. Like the ift88 mutants, ift172 mutants lack outer seg-
ments at all timepoints examined and photoreceptors rapidly
degenerate. At 60 and 72 hpf, however, we frequently observed
large accumulations of membranous material within the inner seg-
ments of ift172 mutants. While these loosely aggregated mem-

ift57" ift172*

wild type

Fig. 9. Immunohistochemical analysis of wild type, ift57, ift88 and ift172 mutant
zebrafish at 96 hpf. (A-D) 1D1 (green), a marker for rhodopsin, localized to the
outer segment region in wild type and ift57 mutants. Strong mislocalization to the
inner segment was also observed in ift57, ift88, and ift172 mutants. (E-H) Zpr1
(green), a label for red/green double cones gave an elongated, columnar morphol-
ogy in wild type animals. Cone morphology was disheveled in the three mutants. (I-
]) Blue opsin (BOPS) was localized to the outer segments of wild type photorecep-
tors. Staining was observed in short outer segments of ift57 photoreceptors but
strong mislocalization was seen in the ift88 and ift172 mutants. (M-P) IFT52 (red)
co-localized with acetylated tubulin (green) in the connecting cilia of wild type and
ift57 mutants (arrows). No such staining was observed in ift88 and ift172 mutants.
(Q-T) IFT88 (red) also showed strong apical localization in wild type and ift57
mutants. The staining overlapped with acetylated tubulin (green), in wild type and
ift57 animals (arrows). No staining was observed in ift88 and ift172 mutants. (U-X)
Centrin (red) localized to the apical surface of the inner segment. Acetylated tubulin
(green) denotes microtubules. Centrin was seen in wild type and all IFT mutants.
The number of centrin-positive foci was reduced in ift88 and ift172 mutants. Centrin
was occasionally observed to be mislocalized in ift172 mutants (Fig. 9X; white
arrowheads). In all images, the tissues were counterstained with DAPI (blue). Scale
bar =20 pm.

branes were also seen in ift88 mutants, they were more
prominent in ift172 mutants. These membranes resembled disor-
ganized disk membranes but no connecting cilia were ever ob-
served and the membranes remained closely associated with
mitochondria in the inner segment. These data suggest that
ift172 mutant photoreceptors attempted to assemble outer seg-
ment material but failed to extend a ciliary structure to contain
this material.

Our results extended our previous analysis of ift57 mutant pho-
toreceptors (Krock & Perkins, 2008) and further characterize wild
type outer segment morphogenesis beyond 60 hpf (Schmitt &
Dowling, 1999). When we analyzed photoreceptors at 60 hpf and



Table 1

Comparison of photoreceptor phenotypes in zebrafish IFT mutants between 60 and 96 hpf and correlation with other ciliary defects.

Outer segment (OS) morphogenesis

60 hpf

72 hpf

96 hpf

Photoreceptor-related function

Other affected tissues and functions

Wild type

ift57 -/~

ift88~/

ift172-/~

Observable OS in ventral patch
0S ~ 2 um in length

Loose organization of disk membranes
Rhodopsin trafficking to OS

OS phenotype similar to wild type

Mild mislocalization of rhodopsin

No OS observed

Disorganized membrane material
observed in apical inner segment

Strong mislocalization of rhodopsin

No OS observed

Disorganized membrane material

observed in apical inner segment
Strong mislocalization of rhodopsin

More OS observed
No change in length

Disk membranes highly ordered
Rod and cone opsins seen in OS

88% fewer OS than wild type

Length similar to wild type at ~2 um

Disk membranes organizes

Rod and cone opsins seen in
OS but also mislocalization

No OS observed

Increase in number of
disorganized membrane arrays

Complete mislocalization
of rod and cone opsins

No OS observed

Increase in number of
disorganized membrane arrays
Complete mislocalization

of rod and cone opsins

More OS appear

Tiering between rods and cones
becoming evident

OS length increased to 4 um
Complete OS localization for rod and
cone opsins

90% fewer OS than wild type
Length increases slightly to ~2.5 um
More rod and cone opsins

mislocalized to inner segment
Photoreceptors begin apoptosis

No OS observed
Complete mislocalization of rod and
cone opsins

Photoreceptors begin apoptosis

No OS observed

Complete mislocalization of rod and
cone opsins
Photoreceptors begin apoptosis

Some mislocalization of centrin
observed

Not essential for OS formation and disk

membrane organization

Required for OS growth and photoreceptor

survival

Essential for primitive cilium extension
and OS formation

Not essential for basal body localization

Essential for primitive cilium extension
and OS formation

May play role in positioning centrioles for

basal body localization

Cilia formation in C. elegans (che-13) Haycraft
et al. (2003)

Kidney and nodal cilia in zebrafish and mice
Houde et al. (2006) and Kramer-Zucker et al.
(2005)

Auditory and olfactory cilia formation in
zebrafish (Tsujikawa & Malicki, 2004)

Flagella formation in Chlamydomonas and C.

elegans Haycraft et al. (2003) and Pazour et al.

(2000)

Kidney and nodal cilia in zebrafish and mice
Kramer-Zucker et al. (2005) and Yoder et al.
(2002)

Auditory and olfactory cilia formation in
zebrafish Tsujikawa and Malicki (2004)

Anterograde and retrograde transport in
Tetrahymena and Chlamydomonas flagella
Pedersen et al. (2005) and Tsao and Gorovsky
(2008)

Nodal cilia formation in mice Huangfu et al.
(2003)
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72 hpf, we were surprised to find no significant increase in wild
type outer segment length. Wild type outer segments do grow rap-
idly in length from 72 hpf to 96 hpf (Fig. 4A). We previously re-
ported that ift57 mutant photoreceptors have shorter outer
segments than wild type. This observation could be explained
as a failure to maintain the proper length during maturation or
a failure to make a normal ciliary extension at the onset of mor-
phogenesis. Quantification of outer segment lengths revealed no
statistical difference between wild type embryos and ift57 mu-
tants at 60 and 72 hpf (Fig. 4), which supports the former
hypothesis. It is only at 96 hpf that the ift57 mutants are appre-
ciably shorter than wild type. Loss of individual IFT components
can also affect the localization and stability of other IFT proteins.
As ift57 mutants form outer segments, the IFT52 and IFT88 pro-
teins localized at or near the cilium. Both IFT52 and IFT88 could
not be readily detected by immunohistochemistry in ift88 and
ift172 mutants. Western blot analysis showed that the IFT52 pro-
tein was present in all three mutants at all time points studied,
albeit at lower levels. IFT88 was present in only in ift57 and
ift172 mutants and not in ift88 mutants confirming that it is a
null mutant. These results agree with some data from the anal-
ysis of IFT mutants in other species. In Chlamydomonas, IFT52
localizes to the distal end of basal body transitional fibers
(Deane, Cole, Seeley, Diener, & Rosenbaum, 2001). Similar to
our results, the C. elegans IFT52 ortholog osm-6 localized nor-
mally in C. elegans che-13 mutants, which affect ift57 (Haycraft,
Schafer, Zhang, Taulman, & Yoder, 2003). Interestingly, whereas
we demonstrated normal localization of IFT88 in ift57 mutant
photoreceptors, the worm IFT88 protein, osm-5, was mislocalized
throughout the dendrite and cell body in che-13 mutants (Hay-
craft et al,, 2003). Furthermore, osm-5 (IFT88) localized to the
apical tip of the transition zone in the osm-6 (ift52) and osm-1
(ift172) mutants (Haycraft, Swoboda, Taulman, Thomas, & Yoder,
2001), whereas we could not detect IFT88 protein near the apical
region where basal bodies likely form in ift172 mutants. The
experiments in C. elegans utilized transgenes expressing IFT-
GFP fusion proteins, whereas we utilized immunofluorescence
of fixed tissue. The different techniques used to detect IFT pro-
tein localization may explain these differing results, as the sen-
sitivity of the immunohistochemistry may potentially be lower
than that of an IFT-GFP transgene in worms. Alternatively, the
order and composition of IFT particle assembly may differ be-
tween sensory cilia in worms and vertebrate photoreceptors.
Co-immunoprecipitation assays found that the IFT complex can
form in ift57 mutants but it lacks IFT20 (Krock & Perkins,
2008). In Chlamydomonas, it has been shown that there is a de-
crease in ift57 and an increase in IFT139 in Chlamydomonas ift88
mutants (Pazour et al., 2000).

Our work conclusively shows that ift88 and ift172 have simi-
lar roles in photoreceptor development. These subunits serve to
initiate outer segment formation in photoreceptors. On the other
hand, ift57 mutants maintain the initial length they achieve at
60 hpf across all time points implying that ift57 is required for
further growth of the structure. Hence our work provides novel
details about ift57, ift88, and ift172 in early photoreceptor devel-
opment and show how different subunits of the IFT particle can
play different roles in the same vertebrate tissue.

Acknowledgments

We would like to thank Jarema Malicki for providing the
oval'?88b (ift88) mutant line. The authors are grateful to Ann Ellis
in the Texas A&M Microscopy Imaging Center for her assistance
with transmission electron microscopy. This work was supported
by the NEI Grant RO1EY017037 (to B.D.P.).

References

Amsterdam, A., Burgess, S., Golling, G., Chen, W, Sun, Z., Townsend, K., et al. (1999).
A large-scale insertional mutagenesis screen in zebrafish. Genes and
Development, 13(20), 2713-2724.

De Robertis, E. (1956). Morphogenesis of the retinal rods. Journal of Biophysical and
Biochemical Cytology, 2(Suppl. 4), 209-218.

De Robertis, E. (1960). Some observations on the ultrastructure and morphogenesis
of photoreceptors. Journal of General Physiology, 43(Suppl. 6), 1-13.

Deane, J. A, Cole, D. G., Seeley, E. S., Diener, D. R, & Rosenbaum, J. L. (2001).
Localization of intraflagellar transport protein IFT52 identifies basal body
transitional fibers as the docking site for IFT particles. Current Biology, 11(20),
1586-1590.

Doerre, G., & Malicki, J. (2002). Genetic analysis of photoreceptor cell development
in the zebrafish retina. Mechanisms of Development, 110(1-2), 125-138.

Fawcett, D. W., & Porter, K. R. (1954). A study of the fine structure of ciliated
epithelia. Journal of Morphology, 94, 221.

Giessl, A., Pulvermuller, A., Trojan, P., Park, J. H,, Choe, H. W,, Ernst, O. P, et al.
(2004). Differential expression and interaction with the visual G-protein
transducin of centrin isoforms in mammalian photoreceptor cells. Journal of
Biological Chemistry, 279(49), 51472-51481.

Gross, J. M., & Perkins, B. D. (2008). Zebrafish mutants as models for congenital
ocular disorders in humans. Molecular Reproduction and Development, 75(3),
547-555.

Gross, J. M., Perkins, B. D., Amsterdam, A., Egana, A., Darland, T., Matsui, J. I, et al.
(2005). Identification of zebrafish insertional mutants with defects in visual
system development and function. Genetics, 170(1), 245-261.

Haycraft, C. J., Schafer, J. C., Zhang, Q., Taulman, P. D., & Yoder, B. K. (2003).
Identification of CHE-13, a novel intraflagellar transport protein required for
cilia formation. Experimental Cell Research, 284(2), 251-263.

Haycraft, C. J., Swoboda, P., Taulman, P. D., Thomas, J. H., & Yoder, B. K. (2001). The C.
elegans homolog of the murine cystic kidney disease gene Tg737 functions in a
ciliogenic pathway and is disrupted in osm-5 mutant worms. Development,
128(9), 1493-1505.

Horst, C.]., Johnson, L. V., & Besharse, J. C. (1990). Transmembrane assemblage of the
photoreceptor connecting cilium and motile cilium transition zone contain a
common immunologic epitope. Cell Motil Cytoskeleton, 17(4), 329-344.

Houde, C., Dickinson, R. ]., Houtzager, V. M., Cullum, R., Montpetit, R., Metzler, M.,
et al. (2006). Hippi is essential for node cilia assembly and sonic hedgehog
signaling. Developmental Biology, 300(2), 523-533.

Hu, M., & Easter, S. S. (1999). Retinal neurogenesis: The formation of the initial
central patch of postmitotic cells. Developmental Biology, 207(2), 309-321.
Huangfu, D., Liu, A., Rakeman, A. S., Murcia, N. S., Niswander, L., & Anderson, K. V.
(2003). Hedgehog signalling in the mouse requires intraflagellar transport

proteins. Nature, 426(6962), 83-87.

Kozminski, K. G., Johnson, K. A., Forscher, P., & Rosenbaum, J. L. (1993). A motility in
the eukaryotic flagellum unrelated to flagellar beating. Procedings of the National
Academies of Science USA, 90(12), 5519-5523.

Kramer-Zucker, A. G., Olale, F., Haycraft, C. J., Yoder, B. K., Schier, A. F., & Drummond, .
A. (2005). Cilia-driven fluid flow in the zebrafish pronephros, brain and Kupffer’s
vesicle is required for normal organogenesis. Development, 132(8), 1907-1921.

Krock, B. L., & Perkins, B. D. (2008). The intraflagellar transport protein IFT57 is
required for cilia maintenance and regulates IFT-particle-kinesin-II dissociation
in vertebrate photoreceptors. Journal of Cell Science, 121(Pt 11), 1907-1915.

Luby-Phelps, K., Fogerty, J., Baker, S. A., Pazour, G. J., & Besharse, J. C. (2008). Spatial
distribution of intraflagellar transport proteins in vertebrate photoreceptors.
Vision Research, 48(3), 413-423.

Malicki, J., Neuhauss, S. C., Schier, A. F., Solnica-Krezel, L., Stemple, D. L., Stainier, D.
Y., et al. (1996). Mutations affecting development of the zebrafish retina.
Development, 123, 263-273.

Mendez, A., Lem, ]., Simon, M., & Chen, ]. (2003). Light-dependent translocation of
arrestin in the absence of rhodopsin phosphorylation and transducin signaling.
Journal of Neuroscience, 23(8), 3124-3129.

Nawrocki, L. W. (1985). Development of the neural retina in the zebrafish,
Brachyodanio rerio. Eugene, Institute of Neuroscience: University of Oregon.
Pazour, G. ]., Baker, S. A, Deane, ]. A, Cole, D. G., Dickert, B. L., Rosenbaum, J. L., et al.
(2002). The intraflagellar transport protein, IFT88, is essential for vertebrate
photoreceptor assembly and maintenance. Journal of Cell Biology, 157(1), 103-113.

Pazour, G. J., Dickert, B. L., Vucica, Y., Seeley, E. S., Rosenbaum, J. L., Witman, G. B.,
et al. (2000). Chlamydomonas IFT88 and its mouse homologue, polycystic
kidney disease gene tg737, are required for assembly of cilia and flagella. Journal
of Cell Biology, 151(3), 709-718.

Pedersen, L. B., Miller, M. S., Geimer, S., Leitch, J. M., Rosenbaum, J. L., & Cole, D. G.
(2005). Chlamydomonas IFT172 is encoded by FLA11, interacts with CrEB1, and
regulates IFT at the flagellar tip. Current Biology, 15(3), 262-266.

Perkins, B. D., Fadool, ]J. M., & Dowling, J. E. (2004). Photoreceptor structure and
development: Analyses using GFP transgenes. Methods in Cell Biology, 76,
315-331.

Perkins, B. D., Nicholas, C. S., Baye, L. M., Link, B. A., & Dowling, ]. E. (2005). Dazed
gene is necessary for late cell type development and retinal cell maintenance in
the zebrafish retina. Developmental Dynamics, 233(2), 680-694.

Peterson, ]. J., Tam, B. M., Moritz, O. L., Shelamer, C. L., Dugger, D. R., McDowell, J. H.,
et al. (2003). Arrestin migrates in photoreceptors in response to light: A study of
arrestin localization using an arrestin-GFP fusion protein in transgenic frogs.
Experimental Eye Research, 76(5), 553-563.



S. Sukumaran, B.D. Perkins/Vision Research 49 (2009) 479-489 489

Raymond, P. A, Barthel, L. K., & Curran, G. A. (1995). Developmental patterning of
rod and cone photoreceptors in embryonic zebrafish. Journal of Comparative
Neurology, 359(4), 537-550.

Raymond, P. A, Barthel, L. K., Rounsifer, M. E., Sullivan, S. A., & Knight, J. K. (1993).
Expression of rod and cone visual pigments in goldfish and zebrafish: A
rhodopsin-like gene is expressed in cones. Neuron, 10(6), 1161-1174.

Schmitt, E. A., & Dowling, J. E. (1996). Comparison of topographical patterns of
ganglion and photoreceptor cell differentiation in the retina of the zebrafish,
Danio rerio. Journal of Comparative Neurology, 371(2), 222-234.

Schmitt, E. A., & Dowling, J. E. (1999). Early retinal development in the zebrafish,
Danio rerio: Light and electron microscopic analyses. Journal of Comparative
Neurology, 404(4), 515-536.

Sun, Z., Amsterdam, A., Pazour, G. J., Cole, D. G., Miller, M. S., & Hopkins, N. (2004). A
genetic screen in zebrafish identifies cilia genes as a principal cause of cystic
kidney. Development, 131(16), 4085-4093.

Tsao, C. C., & Gorovsky, M. A. (2008). Different effects of tetrahymena IFT172
domains on anterograde and retrograde intraflagellar transport. Molecular
Biology of the Cell, 19(4), 1450-1461.

Tsujikawa, M., & Malicki, J. (2004). Intraflagellar transport genes are essential for
differentiation and survival of vertebrate sensory neurons. Neuron, 42(5), 703-716.

Vihtelic, T. S., Doro, C. ]., & Hyde, D. R. (1999). Cloning and characterization of six
zebrafish photoreceptor opsin ¢DNAs and immunolocalization of their
corresponding proteins. Visual Neuroscience, 16(3), 571-585.

Westerfield, M. (1995). The zebrafish book. Eugene, OR: University of Oregon Press.

Yoder, B. K., Tousson, A., Millican, L., Wu, ]J. H., Bugg, C. E., Jr., Schafer, J. A,, et al.
(2002). Polaris, a protein disrupted in orpk mutant mice, is required for
assembly of renal cilium. American Journal of Physiology- Renal Physiology,
282(3), F541-F552.

Young, R. W. (1967). The renewal of photoreceptor cell outer segments. Journal of
Cell Biology, 33(1), 61-72.



	Early defects in photoreceptor outer segment morphogenesis in zebrafish ift57,  ift88 and ift172 Intraflagellar Transport mutants
	Introduction
	Materials and methods
	Zebrafish care and maintenance
	Transmission electron microscopy
	Immunohistochemistry
	SDS page and western blotting

	Results
	Discussion
	Acknowledgments
	References


