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Figure 1. The Zebrafish ov/ Gene

(A) Chromosomal position of the ov/ locus.

(B) The ovl sequence is homologous to the mouse and human Tg737.
Comparison using clustalW (Thompson et al., 1994). Asterisk indi-
cates complete conservation, colon indicates highly conserved sub-
stitution, and period indicates semiconservative substitutions (be-
low the alignment).

(C) The ovl protein sequence contains 9 TPR repeats (boxes). ov/Z%#®
mutation is indicated (arrow).

(D) Exon/intron structure of the ov/ transcript. The position of the
ovi#®® mutation and of the intragenic Bcl | polymorphism,
MTJM10RFLP, are indicated. As we have not determined the tran-
scription initiation site, additional exons may be present in the 5
region.

events in 1400 meioses between the polymorphic
marker 217326 and the ov/ locus. These experiments
confined ovl to a ~3.5 cM interval between the markers
z5080 and z17326 (Figure 1A) and allowed us to test
candidate expressed sequence tags (ESTs) that map to
this interval. Using an intragenic RFLP polymorphism,

MTJM10RFLP, in the sequence of the EST fb37b11,
we did not detect any recombination events between
37b11 and ovl in 1400 meioses.

The EST clone fb37b11 has homology to the 3’ region
of the mouse and human /FT88 gene (also known as
Tg737 and polaris). Because IFT88-deficient mice show
a polycystic kidney phenotype accompanied by retinal
defects, IFT88 seemed to be a strong candidate for the
ovl gene. To identify its full-length ORF, we cloned the
ift88 cDNA using RT-PCR. The zebrafish ift88 sequence
encodes an open reading frame of 824 amino acids,
consists of at least 26 exons, and spans approximately
17 kb on chromosome 9 (Figures 1B-1D). Sequence
comparisons reveal a high degree of homology between
the zebrafish and the mouse (73% identity, 85% similar-
ity) as well as the zebrafish and man (71% identity, 83%
similarity). Similar to other vertebrate genes, the zebra-
fish Ift88 polypeptide contains 9 TPR repeats (Meyer et
al., 1996; Schrick et al., 1995). To identify the molecular
defects responsible for the ovi*®#® phenotype, we se-
quenced the ovl gene from wild-type and mutant ani-
mals. This analysis revealed 11 single nucleotide alter-
nations between homozygous ovi map cross embryos
and their wild-type siblings. Eight of them are silent
substitutions, and two produce single amino acid
changes, C220Y and G7598, that are also observed in
the wild-type AB/AB background. One mutation, the
nt779T—A transition in exon 11, is not observed in any
wild-type strain and results in a premature stop codon,
L260X (Figures 2A and 2B). in RT-PCR analysis, the
ovI®2% mutant allele displays a shortened PCR fragment
in addition to the expected one (Figure 2C, bottom left
inset). Based on this result, we hypothesized that in
some ovi™% transcripts, the premature stop codon re-
sults in exon skipping. Sequence analysis of mutant
cDNA revealed that this is indeed the case: exon11 is
missing in the shortened form of the ovi** transcript,
resulting in a frameshift and a premature termination
codon within exon 12 (Figure 2C). Both the premature
termination codon at position 260 and the deletion of
exon 11 produce truncations of the Ovl polypeptide in
the area of the second TPR repeat. These results
strongly suggest that the nt779T—A transition is respon-
sible for the ov/ phenotype.

To confirm that ovl encodes zebrafish ift88, we in-
jected anti-ift88 morpholinos into AB background em-
bryos. Both 5'UTR-directed and splice site-directed
morpholinos reproduce the ovl morphological pheno-
type (Figure 2G, Table 1). At 3 dpf, ~80% of ATG and
40% of SP morpholino-injected fish display abnormal
body curvature that characterizes the ov/ mutant pheno-
type (Figure 2G). As judged by RT-PCR, the SP morpho-
lino blocks the ovi mRNA splicing at least until 48 hpf
(Figures 2L and 2M). Splicing is also nearly completely
blocked at 72 hpf in embryos that show an abnormally
curved body axis. In embryos that do not display a
curved body axis, the inhibition of splicing appears in-
complete (Figure 2L, lane 4). Similar to the ov/ phenotype
(see below), morpholino-treated fish lack olfactory cilia
at 72 hpf (Table 1, Figure 2J). In contrast, these cilia are
normal in control morpholino-injected animals (Figure
2H). To provide further evidence that a mutation in the
zebrafish iff88 gene is responsible for the ovi phenotype,
we rescued the ovi defect by injecting mRNA encoding
the complete ift88 coding sequence. To demonstrate
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Figure 2. ovl Encodes a Zebrafish Homolog of the ift88 Gene

(A and B) The genomic sequence of the ov/*®®* mutation site in wt
(A) and ov/ (B). The T—A substitution introduces a premature stop
codon in exon 11 of ovl.

(C) A schematic diagram of the splicing defect caused by the ov/®*®
mutation: a premature stop codon in ov/*®*® causes exon skipping.
Lower left inset: RT-PCR analysis of mutant transcripts. The upper
band in the ov/ lane is the normal splice product while the lower
one corresponds to the transcript missing exon 11 (arrowhead).
DNA from each band was isolated and sequenced. The sequences
of the normal length transcript (upper left inset) and the exon 11-
deficient transcript (lower right inset) are provided. Upperright inset:
Western blot of embryonic extracts from 2-cell stage wild-type em-
bryos {lane 1), ov/ mutant homozygotes at 3 dpf (lane 2), and wild-
type larvae at 3 dpf (lane 3).

(D) A wild-type zebrafish larva at 72 hpf.

(E) An oviZ® mutant homozygote at 72 hpf.

(F) ift88 mRNA injections into ov®*® mutant homozygotes rescue
the wild-type phenotype.

(G) Anti-ift88 morpholino (ATG) injections phenocopy the abnormal
body axis curvature of the ovi®®*® mutant homozygotes.

(H-K) Nasal pits of larvae at 72 hpf, stained with anti-acetylated
a-tubulin antibody.

(H) Control morpholino does not affect olfactory cilia in wild-type
zebrafish larvae.

(1) Control GFP mRNA injections do not affect the oviZ®** phenotype.
{J) Injections of anti-ift88 morpholinos into wild-type embryos cause
a loss of cilia.

(K) ift88 RNA injections into the ov/*Z*®* mutant homozygotes restore
olfactory cilia.

(L) RT-PCR analysis shows that anti-ov/ splice site (SP) morpholino

Table 1. Morpholino Phenocopy of the ovi Phenotype

Curved Body Nasal Cilia
MO Injected  Axis Kidney Cysts  Defect
ATG 101/113 (89%)  74/113 (65%) 912 (75%)
sSpP 37/88 (42%) 22/88 (25%) 9/13 (69%)
Control 3/112 (3%) 2/112 (2%) 0/13 (0%)

that rescued embryos are homozygous for the ovi?%®
allele, we genotyped them using the MTJM10RFLP poly-
morphic marker (Figure 2N). ift88 mRNA expression cor-
rects the body axis defect and restores olfactory cilia
at 3 dpf (Figures 2F and 2K, Table 2). In contrast, control
injections of GFP mRNA do not affect the ov/ mutant
phenotype (Figure 21, Table 2). Taken together, these
experiments provide convincing evidence that a defect
of the zebrafish ift88 homolog is responsible for the
ovl®*#® mutant phenotype.

The Ovl polypeptide is enriched at the base of cilia in
zebrafish larvae (Figures 3E and 3G). Consistent with
the nature of the ov/®®® defect, this staining is not de-
tectable in mutant animals (Figures 3F and 3H). In rare
cases, we have observed single cilia that continue to
display the Ovl staining in mutant animals (Figure 3H). To
investigate whether this residual staining is contributed
maternally, we attempted to detect the Ovi polypeptide
by Western blotting of protein extract from 2-cell stage
wild-type embryos. Ovl protein is not detectable using
this approach, arguing against the presence of a signifi-
cant maternal contribution (Figure 2C, upper right inset).

Cilia Defect in the ov/ Mutant Animals

The outer segment is a specialized structure that con-
nects to the rest of the photoreceptor cell body via a
narrow constriction that forms around a cilium. How
does the absence of functional ift88 affect photorecep-
tor cilia? To address this question, we examined whether
cilia and basal bodies are present in ovi mutant pho-
toreceptors by immunostaining with anti-acetylated
a~tubulin antibodies, which label cilia, and anti-y-tubulin

blocks normal splicing of intron 4. Morpholino injection into wild-
type embryos blocks splicing at 36 hpf (lane 1), 48 hpf {tane 2), and
72 hpf in embryos that dispiay the ov/-like curled body axis (lane
3). Splicing is blocked partially in embryos that display a normal
body axis at 72 hpf (lane 4). Control morpholino-treated embryos
show normal splicing product at 48 hpf (lane 5).

(M) A schematic diagram of the intron 4 excision defect caused by
SP morpholino.

(N) In rescue experiments, embryos were genotyped using the
MTJM10RFLP polymorphism. Bcl | digestion product of DNA from
ovi®#% homozygotes contains the longer DNA fragments only.

(O and P) Anti-ov/ morpholino injections into ov/*®%® homozygous
animals produce the same phenotype (O) as a control morpholino
(P) in the otic vesicle at 40 hpf. Embryos were stained with an anti-
acetylated-a-tubulin antibody to visualize cilia (green) and rhoda-
mine-conjugated phalloidin to visualize filamentous actin (red). In
these experiments, the presence of olfactory cilia at 72 hpf was
used to monitor the efficiency of morpholino injections.

{Q) ATG morpholino phenocopied the ov/ olfactory cilia phenotype.
(R) A control morpholino did not affect oifactory cilia.

In (H)-(K) and (O)-(R), cilia are visualized by an anti-a-tubulin anti-
body staining. (D)-(G) show Nomarski optics images of larvae at 72
hpf, anterior is left, dorsal is up. In (O) and (P), cilia of tether cells
are indicated by arrows. M, size marker lanes.
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Table 2. Rescue of the ov/ Body Axis Defect by ift88 mRNA

Body Axis Curvature

mRBNA Injected Severe (180°-270°)

Moderate (90°-180°)

Normal (0°-90°)

GFP 23 (18.85%)
ift8s8 2 (3.45%)

6 (4.92%)
7 (12.07%)

93 (76.23%)
49 (84.48%)

antibodies, which label centrosomes. In wild-type pho-
toreceptors at 3 dpf, the acetylated «-tubulin staining
and the y-tubulin staining colocalize at the apical termini
of photoreceptor cell inner segments (Figure 3C). The
Ovl staining also localizes to the same region (Figure
3E). In contrast, in the ovl retina, cilia as well as the Ovl
staining are not detectable (Figures 3D and 3F). The loss
of cilia staining is already evident by 60 hpf (data not
shown), indicating that the cilia defect precedes outer
segment formation. Although their cilia are absent,
ovl¥% mutant photoreceptors display normal basal
body staining in apical regions of photoreceptor inner
segments (Figure 3D, green signal). These experiments
indicate that the loss of ovi affects the assembly of
photoreceptor cilia but leaves the basal body intact.
Apart from the absence of outer segment formation,
the ovi photoreceptor cell morphology appears normal
(Figure 3B, compare to the wild-type in 3A).

Cilia are also found on sensory cells of the vertebrate
auditory and olfactory systems and are thought to be

involved in otolith formation (Riley et al., 1997). Indeed,
we found that in ovl mutants, otoliths display a higher
frequency of defects. Approximately 70% (108/156) of
wild-type embryos from the ovl/+ X ovl/+ cross have
2 otoliths at 1 dpf (Figure 3l). in contrast to that, about
40% (21/54) of ovl/ovli homozygous embryos have 2
otoliths. The remaining 60% have an abnormal number
of otoliths, most often three (Figure 3J). To investigate
the auditory system phenotype further, we inspected
hair cell kinocilia in mutant embryos. Many prominent
kinocilia are found in the anterior macula of the wild-
type ear at 4 dpf (Figure 3K, n = 5), and the cristae of
ear semicircular canals contain patches of particularly
long kinocilia (Figure 3M, n = 5). In contrast to the wild-
type ear, we do not detect any kinocilia staining in ante-
rior maculae (Figure 3L, n = 7) and cristae (Figure 3N,
n = 4) of ovl homozygotes at this stage.

In addition to photoreceptors and hair celis, cilia are
also present in olfactory sensory neurons (Hansen and
Zeiske, 1993). Consistent with the analysis of the visual

Figure 3. Cilia Defect in Mutant Sensory
Neurons

(A and B) Transverse cryosections through
wild-type (A) and ov/ (B) retinae stained with
the Zpr-1 antibody, which visualizes the cell
membrane of red/green double cones.

(C) Photoreceptor connecting cilia (blue sig-
nal, arrowheads) are positioned just apical
to basal bodies, here stained with an anti-y-
tubulin antibody (green).

(D) In ovl retinae at 3 dpf, basal bodies are
positioned correctly but connecting cilia are
not found.

(E) Ovi {red) colocalizes with connecting cilia
(elongated green structures) in wild-type reti-
nae at 3 dpf. Inset shows an enlargement.
(F) In ovi mutant retinae, both the Ovi poly-
peptide and connecting cilia are not de-
tected.

(G and H) The apical surface of posterior mac-
ulae in ears of wild-type (G) and mutant (H)
larvae at 76 hpf. Hair cells are visualized by
phalloidin staining (red}. In wild-type hair
cells, the Ovl polypeptide is concentrated in
bright foci. Ovl staining is largely absent in
mutant animals.

() Two otoliths of approximately equal size

are found in the otic vesicle in wild-type ze-
brafish at 1 dpf.

(J) Otic vesicles of ovl mutant animals frequently contain supernumerary otoliths in ectopic positions (arrow).
(K) Numerous cilia are observed in the anterior macula of the zebrafish ear at 4 dpf.

(L) No cilia are detected in the anterior macula of ovi mutants at 4 dpf.

(M) Anterior crista features long cilia at 4 dpf (green).

(N) In contrast to the wild-type, the ov/ cristae do not contain cilia at this stage.

(O) Wild-type olfactory pits contain numerous cilia at 4 dpf.
(P) Cilia are largely missing in the ov/ olfactory pits at 4 dpf.

In (C}~{F) and {K}-(P), cilia are visualized by staining with anti-acetylated a-tubulin antibody. Sections in (A), (B), (G}, (H), (M), and (N} are
counterstained with phalloidin (red). Insets in (O) and (P) show low-magnification views of olfactory pits. In (I} and {J), dorsal is up. In (A), (C),
and (E), brackets indicate the approximate extent of photoreceptor cell layer. PR, photoreceptors; C, crista.
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and auditory systems, we found that the mutant olfac-
tory epithelium displays a dramatic loss of acetylated
a~-tubulin staining at 52 hpf compared to the wild-type
(n = 4 for the wild-type, 4 for ovl, data not shown). This
phenotype persists at 4 dpf (Figures 30 and 3P, n = 3
for the wild-type, 3 for ovl). We conclude that sensory
ciliaare absentin visual, auditory, and olfactory systems
of ovl mutants.

Does the ovl mutation affect other aspects of sensory
cell morphology? Electron microscopic analysis reveals
that wild-type photoreceptors feature robust outer seg-
ments at 3 dpf (Figure 4A). In contrast to that, both at
72 and 88 hpf, ovl mutant photoreceptor cells do not
differentiate outer segments (Figure 4B and data not
shown). In some cases, we have observed parallel arrays
of 10-20 membranes on the lateral surface of photore-
ceptor inner segments at 88 hpf (Figure 4C). These struc-
tures may represent outer segment membranes that as-
semble ectopically in the absence of IFT transport. Apart
from these defects, ov/ photoreceptor cells are healthy
by at least two criteria: they form normal junctions of
the outer limiting membrane, and their inner segments
contain prominent clusters of mitochondria. Similar to
photoreceptors, the auditory hair cell defect appears
confined to cilia. While ov/ kinocilia are absent at 88 hpf,
hair cell stereocilia (despite their name, these are not
true cilia) are indistinguishable from wild-type ones (Fig-
ures 4E and 4G, compare to the wild-type in Figures 4D
and 4F).

ovl Function Is Not Required for the Initial

Formation of Cilia

The lack of cilia in differentiated sensory structures
could be due to the lack of cilia maintenance or to the
absence of cilia formation. To test which is the case, we
performed staining of sense organs with anti-acetylated
a-tubulin antibodies at earlier stages of development.

Figure 4. Ultrastructural Analysis of Sen-
sory Cells

(A and B) Uitrathin sections through wild-type
(A) and ov/ (B) photoreceptor cells. Outer seg-
ments (OS) are well differentiated in wild-type
animals at 88 hpf. in contrast to that, ov/ pho-
toreceptors do not form outer segments.
Some photoreceptors form arrays of parallel
membranes on their lateral surfaces (ar-
rowhead).

(C) A magnification of membrane arrays at ov/
photoreceptor lateral surface (arrowhead).
(D and E) Ultrathin sections through wild-type
(D) and ov/ (E) hair cells at 88 hpf. Both the
kinocilium (arrowheads) and stereocilia are
well differentiated in the wild-type (D). In con-
trast to that, ov/ hair cells do not form ki-
nocilia,

(F and G) Ultrathin sections across wild-type
{F) and ovl (G} hair cell ciliary bundles. Numer-
ous stereocilia and a kinocilium (arrowhead)
are evident in the wild-type. In contrast to
that, mutant ciliary bundles consist of ster-
eocilia only.

In (A)-(C), retinal pigmented epithelium is up,
asterisks indicate cell junctions, and arrows
indicate basal bodies. in (D)-(G), otolith (OT)
is up.

As the external ovl phenotype is not obvious prior to 48
hpf, mutant and wild-type embryos were distinguished
by PCR genotyping of the MTJM10RFLP polymorphism.
To our surprise, cilia form normally in the ov/ ear at 40
dpf (Figure 5B, compare to the wild-type in 5A). Likewise,
the loss of ov/ function does not affect tether cells, which
most likely represent the first hair cells, and are charac-
terized by particularly long cilia (Figures 5A and 5B,
insets; Riley et al., 1997). Similarly, in the retina of the
ovl mutant homozygotes, cilia of neuroepithelial cells at
30 hpf are indistinguishable from the wild-type ones
(Figures 5C and 5D). Finally, we examined olfactory cilia
at an early stage of development. Cilia of the zebrafish
olfactory epithelium first become visible at ~30 hpf
(Hansen and Zeiske, 1993). Staining experiments reveal
no difference between the ovl and wild-type olfactory
cilia at 36 hpf (Figures 5E and 5F). Based on these obser-
vations, we conclude that ov/ function is not necessary
in sensory organs for cilia formation.

One explanation for the presence of cilia at early
stages of development is that the ov/Z%*® mutant allele
produces a partially functional polypeptide. If this un-
likely scenario is correct, the injections of anti-ov/ mor-
pholinos into ov/#®% mutant homozygotes would en-
hance the mutant phenotype. This is not the case. The
injections of anti-ov/ morpholinos into ov/?®® mutants
do not affect the cilia phenotype in the otic vesicle at
40 hpf, and the external appearance of mutant embryos
remains the same as in control animals (Figures 20 and
2P and data not shown). As morpholino injections pro-
duce the mutant phenotype even in wild-type animals,
the genotype of each embryo was confirmed by PCR
using the MTJM10RFLP polymorphism. The injections
of anti-ov/ morpholinos produced the characteristic ab-
normal body curvature in 84% (37/44) of animals,
whereas control morpholino injections resulted in 22%
(10/45) of animals with this phenotype, a value expected
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Figure 5. Normal Ciliogenesis in ovi Sensory Organs at Early Stages
of Embryogenesis

(A) Cilia (green) in wild-type zebrafish otic vesicles at 40 hpf.

(B) Cilia in ov/ otic vesicles are indistinguishable from these in the
wild-type.

(C) Wild-type retinal neuroepithelium displays cilia on the apical
surface at 30 hpf {arrowheads).

(D) Retinal cilia of ovl mutants (arrowheads) have the same appear-
ance as the ones in the wild-type at 30 hpf.

(E) Olfactory pits of wild-type zebrafish embryo contain cilia (green)
at 36 hpf.

(F) The olfactory ciliain ov/ mutant animals appear identical to those
in the wild-type.

(A), (B), (E), and (F) are counterstained with rhodamine-conjugated
phalloidin (red). Insets in (A) and (B) show cilia of so-called tether
cells. In (A) and (B) dorsal is up. L, lens.

based on the Mendelian segregation of the ov/ defect.
In addition, anti-ov/ morpholino-treated wild-type prog-
eny of the ovl/+ X ovi/+ crosses showed nasal cilia
degeneration at 72 hpf (Figures 2Q and 2R), indicating
that the morpholino treatment was effective. The above
results, combined with the molecular nature of the ov/%®
defect, strongly suggest that ov/™*® is a null allele and
indicate that sensory cell cilia are initially generated even
in the compiete absence of ov/ function.

ovl Function Is Necessary for the Survival

of Sensory Cells

The initial characterization of the ov/ phenotype revealed
a gradual degeneration of the photoreceptor cell layer
starting at 3 dpf (Doerre and Malicki, 2002). As we dem-
onstrate in this paper, this phenotype is preceded by
the loss of cilia. Is the cilia defect also followed by a
degeneration of other sensory celis? To address this
question in the auditory system, we evaluated the occur-
rence of cell death in ears of ov/ mutants at 72 hpf
using the TUNEL detection method. These experiments
revealed a substantial increase of cell death in ears of
mutant animals (Figures 6C-6E). To evaluate the extent
of hair cell death, we prepared plastic sections through
both anterior and posterior sensory maculae at 3 and

5 dpf. The sensory maculae of the zebrafish inner ear
consist of two cell types: sensory hair cells and the
supporting cells (Haddon and Lewis, 1996). Hair cells
can be identified on histological sections by a larger
size and the apical location of their nuclei (Figure 6F,
inset). By contrast, the supporting cells appear smaller
and have their nuclei positioned basally. We counted
hair cell numbers on sections through posterior and
anterior maculae. At 3 dpf, the number of hair cell nuclei
in posterior maculae of ovl mutant animals is fairly nor-
mal. The average of 4.5 and 3.8 hair cells per section
are found in wild-type and ov/ posterior maculae, re-
spectively (Figures 6F, 6G, and graph in 6J). Similarly, the
number of hair cells in the anterior macula also appears
largely unaffected (Figure 8J). By 5 dpf, however, mutant
hair cell count in the posterior macula decreases dra-
matically to the average of 0.3 cells per section, while
the number of hair cells in the wild-type increases to
5.4 cells (Figures 6H, 6, and graph in 6J). A decrease
of a similar magnitude is also obvious in the ov/ anterior
macula {Figure 6J). These observations indicate that ov/
function is necessary for hair cell survival. The loss of
hair cells is delayed relative o the loss of kinocilia. Al-
ready by 2 dpf, the number of kinocilia is reduced by
more than 50% in mutant maculae (Figure 8J). This defi-
cit becomes even more severe at later stages. While the
average of 35 kinocilia are found in the wild-type by 3
dpf (n = 5), ovi mutant embryos display, on average,
only 2 kinocilia per macula (n = 7; Figure 6J, face view).
At 4 dpf, no kinocilia are observed in the maculae of ov/
mutants (n = 6), whereas the average of 52 kinocilia are
found in the wild-type (n = 5; Figure 6J, face view).
In conirast to kinocilia, the loss of stereocilia largely
correlates with hair cell death. At 3 dpf, the ovl stereocilia
remain largely intact as evidenced by phalloidin staining
(Figures 6A and 6B) and electron microscopy (Figures
4D-4G). As kinocilia of auditory maculae are nearly en-
tirely missing by 3 dpf, hair cell degeneration in ov/ may
be a secondary consequence of cilia defect.

Does the loss of ovl function also affect olfactory neu-
rons? Olfactory sensory neurons extend olfactory knobs
into the nasal pit and can be labeled by Dil {Dynes and
Ngai, 1998; Hansen and Zeiske, 1993). In wild-type fish,
strong Dil staining is observed in olfactory pits at 4 dpf
(Figure 6K), while little or no staining is seen in sibling
ovl mutant homozygotes at the same stage (Figure 6L).
This observation indicates that olfactory neurons are
abnormal in the ov/ animals. The absence of Dil staining
in the ovi mutants may, however, be caused by the
lack of cilia or by an abnormality of olfactory knobs. To
determine whether olfactory sensory neurons persist in
ovl mutants, we performed in situ hybridization to detect
olfactory marker protein (omp) transcript, which is spe-
cifically expressed in mammalian and zebrafish olfac-
tory sensory neurons (Yoshida et al., 2002). At 3 dpf,
omp is expressed in the nasal pits of both wild-type
(n = 11)and ovl (n = 10) animals, indicating that olfactory
sensory cells are still present in the mutant at this stage
(Figures 6M and 6N). By contrast, at 5 dpf only a small
fraction of ovi embryos display normal omp expression
(2/17), while the majority (11/17) do not express omp at
all (Figure 6P). omp is expressed in all wild-type control
embryos at this stage (n = 16, Figure 60). A control
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Figure 6. Loss of Sensory Cells in ov/

(A and B) Optical sections through anterior
maculae in whole mounts of wild-type (A) and
ovl (B) embryos at 3 dpf. Kinocilia are visual-
ized using anti-acetylated o-tubulin antibody
(red) and stereocilia by phalloidin staining
(green). Both kinocilia and stereocilia are well
differentiated in wild-type animals (A). By
contrast, ov/ kinocilia are missing.

(C and D) TUNEL detection of cell death in
ears of wild-type (C) and ovi (D) larvae. The
number of dying cells (green dots) is elevated
in the mutant already by 3 dpf. Arrowhead
indicates a crista.

(E) Quantitation of the result shown in (C} and
(D). Cell death is clearly elevated in mutant
animals (p = 0.000329).

(F) A row of hair cells is distinguishable on
histological sections through the posterior

kinocilia  stereocilia  hair cell survival macula (arow) at 3 dpf. Inset shows an en
{face view) {sections) {sections) (sections) argement of gensory epit| e}um. Hair cg S
124 ° 1 o 8 Y (asterisk) localize apically, display an ellip-
it a{ 1 g’ e e wt soid shape, and stain somewhat lighter than
10 pt 1 o 7 o ovh surrounding cells.
o s Bf e # wle | |oPM (G) At 3 dpf, the posterior macula of ov/ mu-
8{ e 8l e . s ﬁ% o wle o AM ta.nt animals is similar to the one in the
7 e 7 oen = “ wild-type.
8] o 8 ol 41 @1 @ | = 53%*“ (H) Hair cells are easily distinguishable on his-
51 0w al 6 oo wiese tological sections through the posterior mac-
L 4 ula (arrow) at 5 dpf.
3 3 2 ® (1) The number of hair cells is drastically re-
2 i @ 2 1 » e duced in the posterior macula of ovi mutants
v ® I I at 5 dpf.
2 dof Sdp; 2dof Bdpf 3dof 3dpf Sdpf Sd})f (J) The loss of cilia precedes hair cell degen-

M O

eration. Kinocilia counts were performed fol-
lowing whole-mount staining of embryos with
anti-acetylated a-tubulin antibody using ei-
ther transverse optical sections or apical sur-
face views (face view) of anterior macuiae.
Stereociliary bundles were counted using
transverse optical sections through the ante-
rior macula. Hair cell counts were performed
on plastic sections through anterior and pos-
terior maculae such as the ones shown in
(F)-(1). In ali graphs, each dot represents a
separate individual.

{K) Wild-type olfactory pits display strong Dil
staining at 4 dpf.

(L) In contrast to the wild-type, Dil staining is not observed in ov/ nasal pits (arrowhead).

(M) In situ hybridization using the omp probe reveals the presence of olfactory sensory neurons in wild-type olfactory pits at 3 dpf.
(N) The omp staining in ov/ mutants is not distinguishable from the one in wild-type embryos.

(O) The omp transcript continues to be expressed in wild-type nasal pits at 5 dpf.

(P) Compared to the wild-type, the omp expression is much reduced in ov/ mutants at 5 dpf.

(Q) RT-PCR analysis of omp expression: the omp transcript (lanes 1-4); B-actin transcript (lanes 5-8). Lanes 1, 2, 5, and 6 show RNA at 3
dpf. Lanes 3, 4, 7, and 8 show RNA at 5 dpf. Wild-type RNA is shown in odd-numbered lanes. ov/ RNA is analyzed in even-numbered lanes.
The omp transcript is absent from ov/ embryos at 5 dpf.

In (C) and (D) dorsal is up. In (F)-{l), arrows indicate the posterior macula, arrowheads point to the ridge that separates the lateral and posterior
semicircular canals, inset asterisks indicate hair cell nuclei, midline is down, dorsal is right. In (K)-(P) anterior is up. In (L)-(P) arrowheads

indicate olfactory pits. PM, posterior macula; AM, anterior macuia.

kidney-expressed transcript is detected at the same
level in ovl and wild-type animals (data not shown).
Semiquantitative RT-PCR analysis also shows that omp
expression is decreased below the detection level in ov/
at 5 dpf (Figure 6Q). These results strongly suggest that
olfactory sensory neurons are absent in ov/ mutant ani-
mals by 5 dpf. Based on these observations, we con-
clude that sensory cells in three different sensory or-
gans, the eye, the ear, and olfactory pits, degenerate
following the loss of cilia.

Other Components of the IFT Particle

also Function in Sensory Cells

The IFT particle is composed of at least 17 polypeptides
that assemble into two complexes: A and B (reviewed
in Rosenbaum and Witman, 2002). ov//ift88 belongs to
the IFT complex B, which consists of atleast 12 proteins.
To examine the function of other IFT complex B and A
components, we cloned four zebrafish genes: ift20, ift52,
ifts7, and partially ift140 using RT-PCR. To investigate
the role of iftb7 in sensory cell cilia development, we
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Figure 7. Knockdown Phenotypes of IFT
Genes

The external phenotype of morpholino knock-
down animals.

{A) Control morpholino injections do not af-
fect body axis of wild-type embryos.

(B and C) ift57 and ift52 splice site morpho-
linos induce abnormal body axis curvature.
(D) ift140 morpholinos do not produce consis-
tent body axis defects.

(E) RT-PCR analysis of ift57SP knockdown
efficiency at 36 hpf (lane 1), 48 hpf (lane 2),
72 hpf (lane 3, embryos that display abnormal
body axis curvature), 72 hpf (lane 4, embryos
that display normal body axis}). Control mor-
pholino does not affect transcript size at 48
hpf (lane 5).

(F) A schematic diagram of ift57SP morpho-
lino-induced splicing defect. Knockdown re-
sults in two abnormal splicing products (blue
lines). Morpholino (MO) target is indicated
in red.

(G) RT-PCR analysis of ift52SP knockdown
efficiency at 48 hpf {lane 1), 60 hpf (fane 2), 72
hpf (lane 3, embryos that display abnormally
curved body axis), 72 hpf (lane 4, embryos
that display normal body axis). Control mor-
pholino does not affect transcript size at 48
hpf (lane 5).

(H) RT-PCR analysis of ift740SP knockdown
efficiency at 48 hpf (lane 1), 60 hpf (lane 2),
72 hpf (lane 3). Control morpholino does not
affect transcript size at 48 hpf {lane 4).

(I-1) Neither control morpholino (l) nor iFT-
targeted mopholino knockdowns produce
cilia defects in the otic vesicle at 40 hpf. Note

(M) A control morpholino knockdown does not affect olfactory cilia.

that in all cases tether cells are not obviously
affected (arrows).

(N-P) IFT-targeted morpholinos produce a loss of cilia. The ift740 knockdown phenotype is much weaker compared to ift57 and ift52.
(Q) A control morpholino knockdown does not affect GFP expression in the eye.

(R) ift57SP morpholino results in a loss of GFP expression at 4 dpf.

(S) Control morpholino does not affect omp expression in nasal pits at 5 dpf.
(T) ift52SP morpholino knockdown results in a sharp decrease of omp expression.
(U) GFP expression remains largely unaffected in ift140 knockdown animals.

(V) Gene function knockdown using an anti-ift88/ovi morpholino combined with a control morpholino produces a phenotype of the same
severity as the ift88 knockdown alone at 42 hpf.

(W) Ear phenotype of ift57/ift88 double knockdown animals at 42 hpf.

(X) Ear phenotype of ift52/ift88 double knockdown animals at 42 hpf.

(Y) Ear phenotype of ift140 knockdown performed in ov/ mutant homozygotes at 42 hpf.

In ()-(L) and (V)~(Y), embryos are counterstained with rhodamine-conjugated phalloidin (red). In (I)-(P) and (V)~(Y), cilia are visualized with anti-
acetylated a-tubulin antibody (green). In (A)-(D}, (Q), (R), and (U), anterior is left, dorsal is up. In (8) and (T), anterior is up, arrowheads indicate
nasal pits. In (E), {G), and (H), asterisks indicate wild-type transcripts, arrows indicate morpholino-induced splicing products. In (V)-(X}, 88KD

indicates ift88 knockdown.

designed ATG and splice site (SP) morpholinos targeted
to its open reading frame. Sequence analysis of the
ift57 RT-PCR amplification product reveals that the SP
morpholino interferes with the splicing of exon 2, pro-
ducing two shorter transcripts (Figures 7E and 7F). One
of these contains a deletion of the entire exon 2, the
second a deletion of the 3’ region of exon 2 (Figure 7F).
Both morpholino-induced transcripts contain frame-
shifts in the ift57 open reading frame, resulting in a
truncation of approximately 75% of the ift57 polypep-
tide. Anti-ift57SP morpholino completely suppresses
normal splicing until at least 36 hpf and results in a
partial splicing suppression until 48 hpf (Figure 7E).

At 40 hpf, the development of cilia in the otic vesicle

of ift57 knockdown animals is indistinguishable from
that in control morpholino-injected fish (Figure 7J, com-
pare to 71, Table 3). Both ATG and SP anti-ift57 morpho-
linos produce ovl-like curved body axis (Figure 7B, Table
3) and a loss of olfactory cilia at 72 hpf (Figure 7N,
compare to 7M, Table 3). These resulis demonsirate
that ift57 is not necessary for the generation of cilia but
is required for their maintenance. To investigate the role
of ift57 in sensory neuron survival, we injected ift57SP
morpholino into a zebrafish strain that carries a GFP
transgene driven by the rhodopsin promoter (Fadool,
2003). This transgene expresses GFP in rod photorecep-
tor cells. In control morpholino-injected fish, GFP is ex-
pressed in a punctate pattern characteristic of devel-
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Table 3. Summary of the IFT Knockdown Phenotypes

Presence of Ear Curved Body Loss of Nasal Rodopsin-GFP
Cilia (36-40 hpf) Axis® (72 hpf) Cilia (72 hpf) Expression (4 dpf)®
ift57ATG 3/3 (100%) 21/57 (37%) 4/4 (100%)° ND
ift57SP 6/6 (100%) 21/34 {62%) 8/8 {100%) 0/6 {(0%)
ift52ATG 3/3 (100%) 46/49 (94%) 5/5 (100%) ND
ift528P 4/4 (100%) 90/111 (81%) 5/5 (100%) 0/6 (0%)
ift140ATG ND 5/1486 (3%) 2/6 (33%)4 ND
ift140SP 4/4 (100%) 7/124 (6%) 1/6 {16%)° 9/9 (100%)°
Control 5/5 (100%) 4/139 (3%) 0/6 {0%) 9/9 (100%)

Format of entries: number of individuals that display a given phenotype/total number of individuals inspected (percentage value).

2Body axis curved more than 90°.

®Result obtained using rhodopsin-GFP transgenic fish. In some individuals residual GFP expression persists in the ventral retina.

“This morpholino did not produce a complete loss of cilia.
4QOnly anterior part of nasal pit affected.

°Expression level reduced.

ND: not determined

oping rod photoreceptors at 4 dpf (Figure 7Q, Table 3).
By contrast, in ift57SP morpholino-treated fish, almost
no GFP expression is observed, except for a small patch
of cells in the ventral region of the retina (Figure 7R,
Table 3; Fadool, 2003). These observations suggest that
rod photoreceptors degenerate in ift57 gene product-
deficient fish.

Similar results were obtained in the ift52 knockdown
experiments. The ift52SP morpholino effectively blocks
normal splicing at least until 48 hpf (Figure 7G). It pro-
duces two aberrant splicing products: a longer tran-
script that retains an intron, and a shorter transcript that
contains a small deletion resulting from an activation of
an ectopic donor splice site. Both splicing defects are
predicted to produce truncated polypeptides that lack
80% of the wild-type amino acid sequence. Similar to
ovl/ift88 and ift57 phenotypes, otic vesicle cilia are not
affected by the ift52 knockdown at 40 hpf (Figure 7K,
Table 3). Both morpholinos, however, produce an abnor-
mally curved body axis and nasal cilia degeneration at
72 hpf (Figures 7C and 70, Table 3). The injection of
SP morpholino into rhodopsin-GFP transgenic zebrafish
produces a dramatic reduction of GFP expression (Table
3 and data not shown). Olfactory sensory neurons are
also affected. At 5 dpf, only a small fraction of the ift52
SP morpholino-injected embryos display normal omp
expression (2/11), while the majority (9/11) do not ex-
press omp at all (Figure 7T). omp is expressed at the
normal level in all control morpholino-injected embryos
(n = 17, Figure 78). Thus, also ift52 is not necessary for
the initial generation of cilia, but is required for their
maintenance and the maintenance of sensory cells
themselves.

In contrast to the complex B components, the knock-
down of ift140, a complex A polypeptide, produces a
much weaker phenotype. In 16% of SP morpholino-
injected fish, the tail is curved slightly upwards (not
shown), and only 6% of them show ovl/-like ventral curl-
ing of the body axis that exceeds 90° (Table 3). This
percentage is roughly the same as in control animals.
The majority of the ift140 morphants display a normal
shape of body axis (Figure 7D), and their otic vesicle cilia
appear normal (Figure 7L). In ATG morpholino-injected
animals, upward curving of the tail is not observed and
only 3% of them show ventrally curled body axis (Table

3). The olfactory cilia defect is also weaker. In both ATG
morpholino- and in SP morpholino-treated embryos, the
density of cilia is reduced mainly in the anterior portion
of the nasal pit at 72 hpf (Figure 7P, Table 3). These
defects are relatively infrequent and cilia are mostly nor-
mal in the posterior regions of the olfactory epithelium.
Cilia are also not very well developed in the anterior part
of the nasal pit at 60 hpf (data not shown, n = 5 for ATG
MO, n = 5 for SP MO), but their appearance is normal
at 36 hpf in ift140SP (n = 4) and ift140ATG (n = 4)
morpholino-injected fish (data not shown). We aiso
tested the role of ift140 in neuronal survival using rho-
dopsin-GFP transgenic fish. In contrast to ifts2 or ift57
knockdowns, GFP expression was only weakly affected
at 4 dpf (Figure 7U, Table 3).

The SP morpholino ift140 knockdown produces a
somewhat longer transcript and a complete or near-
complete loss of the wild-type splicing product at least
until 72 hpf (Figure 7H). Cloning and sequencing of the
morpholino-induced transcript reveals an insertion of
33 bp that contains two in-frame stop codons, which
are predicted to result in a truncation of the ift7140 gene
product within the first 90 amino acids. Thus, the ift740
knockdown is likely to result in a complete loss of func-
tion. The ift140 knockdown experiments indicate that
this gene is not absolutely required for cilia maintenance
at least during early larval development. This contrasts
with our findings for the IFT complex B proteins, Ift52,
Ift57, and Ift88, which appear to play more fundamen-
tal roles.

Although the IFT complex B components are not obvi-
ously related to each other on the protein sequence
level, it remains possible that they function redundantly
in the initial formation of cilia. To investigate this possi-
bility, we performed double knockdowns of ift57 and ovi,
as well as ift52 and ovl. Double knockdown experiments
produce phenotypes that are indistinguishable from
knockdowns of single genes (Figures 7W and 7X). These
results argue that a functional redundancy of ov/ and
other IFT complex B components is unlikely to account
for the initial formation of cilia in ov/ mutants. Another
scenario that should be considered is that a deficiency
of both an IFT complex A protein (Ift140) and a complex
B component (Ovl) produces a synergistic effect and a
much stronger phenotype than single gene defects. To
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test this possibility, we injected ift140SP morpholino
into ov/%® mutant homozygotes. This treatment does
not affect the appearance of otic vesicle cilia at 36 or
42 hpf (Figure 7Y; n = 12), indicating that the initial
cilia formation proceeds even in the absence of both
complex A and complex B components.

Ectopic Accumulation of Rod Opsin Contributes

to Photoreceptor Loss

Opsin polypeptides are the most abundant protein com-
ponents of the photoreceptor outer segment. Mouse or
salamander rod outer segments are estimated to con-
tain 10° and 3 X 10° of opsin molecules, respectively
(Pugh and Lamb, 2000). The lack of outer segment for-
mation in ov/ animals is thus likely to result in the accu-
mulation of rod opsin in the photoreceptor cell body.
This is, indeed, the case (Figure 8K, compare o 8J). The
ectopic accumulation of rod opsin outside the outer
segment may thus contribute to photoreceptor lethality.
To test whether this is the case, we decided to reduce
rod opsin expression levels using morpholino oligonu-
cleotides and to investigate how this treatment affects
photoreceptor survival. Western blotting of embryonic
extracts confirmed that rod opsin levels are lower in rod
opsin morpholino-treated embryos at 3 dpf, compared
to control morpholino-treated animals (Figure 8C, inset).
Indeed, lowering opsin expression results in an im-
proved rod photoreceptor survival (Figure 8A, compare
to 8B). On average, over 50% more rods survive in rod
opsin morpholino-treated ovl animals, compared to mu-
tants treated with a control morpholino (Figure 8C, p =
0.000214). This effect appears to be specific to rods, as
the survival of red/green double cones is not signifi-
cantly affected (Figure 8C, p = 0.186). These results
indicate that the ectopic accumulation of opsin contrib-
utes to photoreceptor lethality in ovi mutants.

Ectopic accumulation of rod opsin polypeptide may
be sufficient to cause enhanced photoreceptor lethality.
Alternatively, lethality may be caused by the interference
of light-activated rod opsin with intracellular signaling
pathways in the inner segment or other parts of the
photoreceptor soma. In the latter scenario, photorecep-
tor lethality in ovi mutant animals would be enhanced
by light exposure. This is, in fact, the case. ovl mutants
reared in constant darkness display slower photorecep-
tor loss, compared to individuals reared on a light/dark
cycle or in constant light of 750 lux (Figures 8D-8F). ov/
larvae exposed to constant light display a pronounced
thinning of the outer nuclear layer at 108 hpf (Figure 8F),
while larvae reared on a light/dark cycle exhibit a patchy
pattern of celi loss in the ONL (Figure 8E). By contrast,
animals kept in complete darkness display a nearly nor-
mal photoreceptor cell layer (Figure 8D). Constant expo-
sure of ovl larvae to light enhances lethality of both red/
green cones and rods by approximately 50%, compared
to mutants reared in constant darkness (Figures 8G and
8H, p = 4.73E-5 for rods and 0.000512 for red/green
cones). At 84 hpf, larvae that were exposed to constant
light for 36 hr only also show significant loss of both
rod and cone photoreceptors (Figures 8G and 8H, p =
2.37E-5 for rods and 0.00996 for r/g cones). Light inten-
sity that was used in these experiments is not sufficient
to cause photoreceptor loss in wild-type animals (Fig-
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Figure 8. Light Dependency of Photoreceptor Loss in ovl Mutant
Animals

(A and B) Transverse sections through retinae of an anti-rod opsin
morpholino (A) and a control morpholino (B)-treated ov/ mutant lar-
vae at 108 hpf. Rod photoreceptors (green) and double cones (blue)
are visualized by antibody staining. A downregulation of rod opsin
expression enhances the survival of rod photoreceptor cells but has
little effect on red/green double cones.

(C) Photoreceptor survival in anti-rod opsin (red dots) and control
{black dots) morpholino-treated ov/ mutants.

(D-F) Transverse sections through retinae of ovi mutant larvae at
108 hpf. Animals were reared in constant darkness (D), on light/dark
cycle (E), or in constant light (F). Photoreceptor loss is much more
severe after light exposure (E and F), compared to individuals reared
in darkness (D).

(G and H) Rod photoreceptor (G) and red/green cone (H) survival in
individuals reared in constant darkness (black dots), light/dark cycle
(blue dots), and constant light (red dots). Light causes a severe
increase of photoreceptorloss. Wild-type control animals have been
analyzed at 108 hpf only (open circles).

() A guantitation of photoreceptor loss in retinae exposed to light
from 96 to 108 hpf.

(J and K) Transverse cryosections through wild-type (J) and mutant
(K} retinae at 72 hpf. Filamentous actin is visualized with phalloidin
(red), rod opsin with antibodies (green). In ovl animals, rod opsin is
distributed through the photoreceptor cell membrane. Arrowheads
indicate OLM.

In {(A), (B), and (D)-{F), tissue is counterstained with propidium iodide.
In (C) and (G)-(l), each dot represents photoreceptor count from a
single section; means and standard deviations are indicated by
horizontal and vertical bars, respectively. RG cones, red/green
cones; RMO, anti-rod opsin morpholino; CMO, control morpholino.
A minimum of five individuals was used in each experiment.
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ures 8G and 8H, open circles, p = 0.180 for rods and
0.461 for r/g cones). Even a short 12 hr exposure of
ovl photoreceptors to light, from 96 hpf to 108 hpf, is
sufficient to increase photoreceptor loss by 20%-30%
(Figure 8l, p = 0.00466 for rods and 0.00712 for r/g
cones). The same light treatment regimen does not af-
fect photoreceptor survival in the wild-type (p = 0.459
for rods and 0.379 for r/g cones, data not shown). Al-
though we cannot formally exclude the possibility that
light-induced photoreceptor loss in ovl is due to the
activation of other proteins, opsins are by far the most
likely candidates for factors that mediate light damage.
Accordingly, we postulate that the activation of ectopic
opsin molecules in photoreceptor cells is a factor that
strongly contributes to the lethality of this cell class in
mutant retinae.

Discussion

Here we present several lines of evidence that the zebra-
fish ov/ locus encodes a homolog of the Chlamydomo-
nas IFT88 gene: mapping studies, the characterization
of the ov/Z* molecular defect in the ift88 open reading
frame, knockdown phenotype, and rescue experiments
all support this conclusion. The ovl mutation provides
a valuable opportunity to study the IFT particle function
in the vertebrate central nervous system. Such studies
are complicated in the mouse because the mouse IFT88
null allele, Tg737°¢%% causes embryonic lethality dur-
ing midgestation, making it difficult to study neuronal
differentiation and survival in mutant animals (Murcia et
al., 2000). The Tg737°% allele, on the other hand, is
hypomorphic and gives a much weaker phenotype than
that of ov/“®®: while Tg737°7 mice differentiate fairly
robust outer segments, ovi?** photoreceptors do not
produce outer segments at all (Doerre and Malicki, 2002;
Pazour et al., 2002). Thus, the role of ift88 in photorecep-
tor development appears much more profound than pre-
viously assumed.

Previous experiments demonstrated that /FT88 muta-
tions cause a loss of cilia at very early stages of verte-
brate embryogenesis. In the Tg737°>%% mice, ciliogen-
esis in sensory neurons could not be investigated, but
the node cells lack cilia during embryonic day 7 (Murcia
et al., 2000). Accordingly, we expected complete lack
of cilia in the ovl mutant animals. Contrary to initial ex-
pectations, our studies indicate that cilia are generated
at early developmental stages in the three sensory sys-
tems that we investigated. Knockdown analysis of other
IFT complex B proteins also showed that cilia are gener-
ated normally in the otic vesicle even in the absence
of the ift62 or ift57 functions. To monitor knockdown
efficacy, we showed that normal splicing is completely
or nearly completely blocked during the first 36 hr of
development. These findings demonstrate that the ze-
brafish IFT complex B components are not required for
the initial generation of cilia.

Our results show that the phenotypes of three IFT
complex B components are very similar to each other,
although the ift52 knockdown defects appear somewhat
stronger. In contrast to that, the knockdown of a com-
plex A component, ift140, produces a markedly weaker
phenotype. The most obvious difference is the lack of

abnormal body axis curvature that characterizes the ovl/,
ifts2, and ift57 mutant phenotypes. Similarly, at later
stages of development, the olfactory cilia defect is also
less pronounced. These observations are consistent
with genetic analysis in C. elegans that places complex
A and B genes in different phenotypic categories: in
contrast to the complex B-defective animals, mutants
of the complex A components display cilia of nearly
normal length (Perkins et al., 1986).

In nonvertebrate models, including C. elegans and
Drosophila, the lack of IFT88 function causes a loss of
ciliain neurosensory cells (Han et al., 2003; Perkins et al.,
1986). Death of sensory neurons has not been reported,
however. In contrast to that, the ov/ loss of function
shows neuronal cell degeneration that follows cilia loss.
This finding is interesting because a degeneration of
photoreceptors or hair cells is frequently observed in
inherited human disorders of the visual and auditory
systems. IFT genes may thus be involved in human dis-
ease. The human IFT52 gene maps to 20q13 and IFT57
to 3g13. Among the diseases that map to these regions,
Bardet-Bied! Syndrome 3 (BBS3) is of particular interest
since it is characterized by a retinal dystrophy and renal
malformations (Green et al., 1989). Based on its map
position on chromosome 3 between D3S1595 and
D3S1302 (Ghadami et al., 2000), IFT57 is a strong candi-
date for the BBS3 gene.

The cause of sensory cell death in mutants of intrafla-
gellar transport is not entirely clear. Photoreceptor cell
loss in ovl mosaic retinae is cell autonomous, indicating
that it is produced by a defect within photoreceptors
(Doerre and Malicki, 2002). As the excess of opsin ex-
pression leads to photoreceptor degeneration (Tan et
al., 2001), the accumulation of opsin in the photorecep-
tor cell body may contribute to photoreceptor lethality.
Our experiments show that this is the case in ovl mu-
tants. Moreover, photoreceptor loss in ov/ animals ap-
pears to be enhanced by light-induced opsin activation.
This result is consistent with previous cell culture stud-
ies, which led to the conclusion that ectopic opsin acti-
vation induces photoreceptor cell death by activating
adenylyl cyclase (Alfinito and Townes-Anderson, 2002).
Although quantities of signal transduction components
in other sensory cells are lower than in photoreceptors,
even small amounts of ectopic signal tranducers may
contribute to sensory neuron lethality. Alternatively, sen-
sory neurons could be eliminated because the lack of
intraflagellar transport may render them nonfunctional.
The absence of intraflagellar transport may affect visual
and olfactory signal transduction cascades, both of
which function in cilia or their derivatives (Makino et al.,
2003; Zufall and Leinders-Zufall, 2000). The death of hair
cellsis the most difficult to explain, as the role of kinocilia
is still poorly defined. Kinocilia are, in fact, absent in the
cochlea of adult mammals (Sobkowicz et al., 1995).

Previous mutagenesis screens in zebrafish identified
at least two other loci that display ov/-related pheno-
types: elipsa and fleer (Doerre and Malicki, 2002; Malicki
et al., 1996). Based on the results of morpholino knock-
down experiments, IFT particle components may be en-
coded by these loci. It is also possible that elipsa and
fleer encode other ciliary proteins, which have not been
identified so far. Genetic analysis of zebrafish mutants
is likely to further contribute to the understanding of

— 279 —



Neuron
714

intraflagellar transport and its role in sensory neuron
development and survival.

Experimental Procedures

Fish Strains

The maintenance and breeding of zebrafish strains and staging of
embryonic development were performed as described previously
(Kimmel et al., 1995; Malicki et al., 2002). The phenotype of whole
embryos was observed using a Zeiss Axioscope microscope or
Leica MZ12 dissecting scope. Images were recorded using digital
or conventional cameras and processed with Adobe Photoshop
software (Adobe, Inc.). The ov/“®® allele, originaily recovered in a
large-scale mutagenesis screen (Brand et al., 1996), was initially
characterized in a previous study (Doerre and Malicki, 2002).

Mapping and Linkage Analysis

A map cross was set up between heterozygous carriers of the ov/=%®
allele (AB genetic background) and wild-type WIK strain homozy-
gotes. Half-tetrad analysis was used to determine the ov/ linkage
group (Streisinger et al., 1986). To determine the ovi map position
further, we used a panel of 2495 F2 diploid embryos obtained via
incrossing of F1 animals. To determine the segregation pattern of
genomic polymorphisms, F2 embryos were digested in a lysis buffer
(10 mM Tris-HCI [pH 8.3], 50 mM KC!, 0.3% Tween-20, 0.3% IGEPAL
CA-630, 1 mg/ml Proteinase K), and the lysate was diluted 50x
with water and used in PCR genotyping of simple sequence-length
polymorphisms. PCR was carried out in a 20 pl reaction mixture
containing 50 ng of genomic DNA, 10 pmol of each primer, 2.0 mM
MgCl,, 1% reaction buffer (Takara), 150 pM of each dNTP, and 1.0
U of EX Taq polymerase (Takara). Samples were amplified for 32
cycles, 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C. PCR products
were electrophoresed on 6% denaturing polyacrylamide gels for
2 hr. To genotype the intragenic Bcl | restriction fragment-length
polymorphism MTJM10RFLP, we used primers ATGGTGCAGGATT
GCCTATT and CTTTACATTGGGAGTCGGGT.

Cloning of IFT Proteins and Mutation Search

To identify the full-length zebrafish coding sequences of ovl and
other IFT genes, human, mouse, C. elegans, and Chlamydomonas
IFT protein sequences were obtained from the NCBI public database
and analyzed using a homology search program, BLASTP, against
the whole-genome zebrafish shotgun sequence database (Ensem-
ble Database, Sanger Center, UK) and the BAC sequencing project
database (Sanger Center). Based on partial sequences obtained in
this manner, RT-PCR was performed to obtain the full-length gene
products. Total RNA was extracted from 3 dpf wild-type and ov/
embryos using Trizol regent (Invitrogen) and served for cDNA syn-
thesis using Superscript Ii transcriptase (Invitrogen). Reverse tran-
scription was performed in a 10 pl reaction volume, containing ~1
ug total RNA, 10 pmol oligo-dT,s, 5 mM of each dNTP, 20 M DTT,
and 50 units of Superscript 1l (Invitrogen) at 37°C for 2 hr. PCR
conditions were essentially the same as in the genomic PCR de-
scribed above except the annealing temperature was changed from
56°C to 64°C, and the extension time was changed from 30 s to 5
min. PCR products were purified using QIAquick PCR purification
Kit (Qiagen) and sequenced. Mutations were detected by direct
sequencing. The GenBank accession humbers are as follows: ift88,
AY491507; ifts7, AY600454; ift52, AY600455; ift20, AY600453.

Morpholino Knockdown and Phenotypic Rescue

Morpholino oligonucleotide knockdowns were performed as de-
scribed previously (Malicki et al., 2002). For each gene, we used a
morpholinotargeted to the 5’ untranslated region (ATG Morpholinos)
and an anti-splice site morpholino (SP Morpholinos). The efficiency
of 8P morpholino knockdown was determined by RT-PCR analysis
as above. The following morpholinos were used: ift88ATG, GCC
TTATTAAACAGAAATACTCCCA,; ift88SP, CAACTCCACTCACCCCA
TAAGCTGT; ift52ATG, ATTTCTTTGCTCTTTGTCCATGCTG; ift52SP,
TAGCTTCACCTCAGCAGCAGTGAAG; ift57ATG, CCTCCATCAACA
CGAACATCTGATA,; ift57SP, GTTATCGCCTCACCAGGGTTCGAAG;
ift140ATG, TCGGTGATCAAAATACACAGCCATG); ift140SP, AGT
GATCATGTCTTACCTGCTGCAG. The ift140SP morpholino knock-

down resulted in the insertion of the following sequence (capitalized,
stop codons underlined): atctttacctgcagcAGGTAAGACATGATCAC
TGTAATATATATTGGGagggtgaacat. Two morpholinos, one directed
to ift88 and one to ift57 5’ untranslated regions, caused severe
developmental delays and were not used for further experiments.
To test whether the ovi®®® allele is amorphic, morpholinos were
injected into F2 diploid embryos obtained by in-crossing F1 mapping
animals. ovi mutant homozygotes were identified by genotyping the
MTJIMI0RFLP polymorphism as above.

To rescue the ovi phenotype, full-length ift88 coding sequence
was amplified by RT-PCR and cloned into the pXT7 vector (Figure
1 in Malicki et al., 2002). The resulting construct was linearized and
served as a template in a transcription reaction using the mMessage
mMachine kit (Ambion). Approximately 40 pg of RNA was injected
into embryos at 1-cell stage.

Histology

For histological analysis, embryos were fixed in 4% paraformalde-
hyde (PFA, w/v, pH 7.4) in PBST ovemight at 4°C. Embedding, sec-
tioning, and staining were performed as described previously (Ma-
licki, 1999; Pujic and Malicki, 2001).

Immunochistochemistry and immunobloiting
Antibody staining was performed on whole animals or on frozen
sections as described in previous publications (Malicki, 1899; Pujic
and Malicki, 2001). The following primary antibodies and dilutions
were used: mouse anti-acetylated «-tubulin (1:500, Sigma); mouse
(1:200, Sigma) or rabbit (1:200, Sigma) anti-y-tubulin; Zpr-1 (1:200,
Oregon Monoclonal Bank); rabbit anti-rodopsin (1:5000, gift from
D.R. Hyde); and rabbit anti-1IFT88 (1:200, gift formy J.G. Pazour). For
IFT staining, prior to blocking, slides were immersed in 10% sodium
citrate for 10 min at 90°C and washed in PBST (3 times, 5 min each).
In whole-mount labeling experiments, embryos were blocked in 10%
goat serum, 0.5% Triton X-100 in PBST for 2 hr, and incubated
ovemight in the presence of mouse monoclonal anti-acetylated-
a-tubulin antibody (1:500, clone 6-11B-1, Sigma). To visualize
F-actin, rhodamine-conjugated phalloidin (1:40, Molecular Probes)
was added to the secondary antibody solution. Following washes,
embryos were embedded in 1% fow melting point agarose and
viewed by confocal microscopy using the Leica HCX APO L40X lens.
For immunoblotting, embryos were homogenized in Laemmli
loading buffer at1 embryo/5 ul of buffer. Following the measurement
of protein concentration using BCA Protein Assay Reagent (Pierce),
the homogenate containing 20 pg of protein was separated using
conventional SDS-PAGE, transferred to the PVDF membrane, and
blocked as described in instructions to Immun-Star Chemilumines-
cent Protein Detection Systems (Bio-Rad). Membranes were incu-
bated with rabbit anti-Ift88 antibody (1:150) or rabbit anti-rodopsin
antibody (1:2000), washed, and developed according to detection
kit manufacturer's directions (Bio-Rad).

in Situ Hybridization

The entire coding region of the zebrafish omp gene was amplified
by RT-PCR using ATGCTCCTGGAGTTGACGTTC and TCACTTGGA
GGTCTGGAATTCA primers and cloned into pZero-1 vector (In-
vitrogen). Hybridization, washes, and signal detections were carried
out using standard protocols (Malicki, 1999; Pujic and Malicki, 2001).

Dil Labeling

Approximately 60 mg of NeuroTrace Dil tissue labeling paste (Molec-
ular Probes) was dissolved in 700 ul of DMSO and diluted with 1%
ethano!l in egg water to the final volume of 10 ml. Living embryos
were incubated in this solution for 10 min at 4 dpf, washed twice
in egg water, embedded in 1% low melting point agarose, and
viewed using a confocal microscope as above.

Evaluation of Light Damage

Embryos were reared on a light cycle of 14 hr of light exposure
(350 Lux) and 10 hr of darkness (0 Lux) at 28°C until 48 hpf and
subsequently subdivided into 3 groups that were treated with the
following light exposure regimen: constant light of 750 Lux; constant
darkness (0 Lux); and the light/dark cycle as above. In a separate
experiment, the constant darkness group was subdivided into two:
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one batch of embryos remained in constant darkness until 108 hpf,
while the second was exposed to light of 750 Lux from 96 hpf to
108 hpf. Embryos were collected at appropriate time points, fixed,
cryosectioned, and stained with anti-rod opsin and Zpr-1 antibodies
as above. Light intensity was measured using Model 401025 digital
light meter (Extech Instruments). A nonpaired t test was performed
to determine the statistical significance of cell number changes.

Other Protocols

Apoptotic cell death was detected using the In Situ Cell Death Detec-
tion Kit (Roche) as described previously (Pujic and Malicki, 2001).
For ultrastructural analysis, embryos were fixed in 4% (w/v) para-
formaldehyde/2% glutaraldehyde in 75 mM phosphate buffer (pH
7.2) overight at 4°C, postfixed with 2% osmium tetroxide in 50
mM phosphate buffer (pH 7.2). Subsequent steps were performed
according to standard protocols (Malicki, 1999).
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Abstract

In our recent study, we found that the Ca’* antagonist, nilvadipine caused significant preservation of photoreceptor cells in The
Royal College of Surgeons (RCS) rats [Invest. Ophthalmol. Vis. Sci. 43 (2002) 919]. Here, to elucidate the mechanisms of nilv-
adipine-induced effects we analyzed altered gene expression of 1101 genes commonly expressed in rodent by DNA microarray
analysis in the retinas of nilvadipine-treated and untreated RCS rats and SD rat. In the total number of genes, the expression of 30
genes was altered upon administration of nilvadipine to RCS rats, including several genes related to the apoptotic pathway and
other mechanisms. Remarkably, neurotrophic factors, FGF-2 and Arc, known to suppress the apoptosis in the central nervous
system, were up-regulated. These changes were also confirmed by real-time quantitative (Taqgman) RT-PCR and Western blot
analysis. Therefore, our present data suggested that administration of nilvadipine to RCS rats increases the expression of endog-

enous FGF-2 and Arc in retina, and potentially has a protective effect against retinal degeneration.

© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Microarray analysis; Ca>* antagonist; Nilvadipine; Retinal dystrophy; Retinitis pigmentosa; Arc; FGF-2; RCS rat; Photoreceptor cell

death; Apoptosis

The Royal College of Surgeons (RCS) rat, in which
the retinal pigment epithelium (RPE) cell is affected by
the rdy— mutation and continuously expresses the rdy—
phenotype [1] is the best characterized animal model for
the study of human retinitis pigmentosa (RP). As a
possible mechanism causing the retinal degeneration, it
was suggested that an inability of phagocytosis of the
shed tips of rod outer segment (ROS) debris by RCS
RPE is primarily involved [2,3]. D’Cruz et al. {4] have
found a small deletion of RCS DNA that disrupts the
gene encoding the receptor tyrosine kinase Mertk as the
rdy (retinal dystrophy) locus of the RCS rat. Interest-
ingly, identical mutations in Mertk have recently been
identified in human RP patients [S]. Therefore, these
observations suggest that if a particular therapy can
protect against retinal degeneration in RCS rat, then

" Corresponding author. Fax: +81-172-37-5735.
E-mail address: ooguro@cc.hirosaki-u.ac.jp (H. Ohguro).

that therapy should be beneficial for human RP. In our
recent study, we have found that systemic adminis-
tration of nilvadipine, a most effective penetrator of
dihydropyridine derivative Ca®* antagonist, caused sig-
nificant preservation of retinal morphology and func-
tions of electroretinogram responses in RCS rats during
the initial stage of the retinal degeneration. In addition,
studies using immunohistochemistry, RT-PCR, and
Western blotting revealed significant enhancement of
rhodopsin kinase and o-A-crystalline expressions, which
are specifically reduced in RCS rat retina as compared
with control rats [6], and suppression of caspase 1 and 2
expressions in the retina of nilvadipine treated rats [7].
However, the molecular mechanisms responsible for
these protective effects against RCS retinal degeneration
by systemic administration of nilvadipine are still
unclear.

In the present study, in order to -elucidate
what kinds of mechanisms are involved in the

0006-291X/03/$ - see front matter © 2003 Elsevier Science (USA). All rights reserved.
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nilvadipine-dependent protection against the RCS reti-
nal degeneration, mRINA profiling assay was performed.

Materials and methods

All experimental procedures were designed to conform to both the
ARVO statement for Use of Animals in Ophthalmic and Vision Re-
search and our own institution's guidelines. Nilvadipine was gener-
ously provided by Fujisawa Pharmaceutical, Japan. Anti-FGF2
antibody and anti-Arc antibody were purchased from Santa Cruz
Biotechnology. The specificity and titers of all antibodies were exam-
ined by Western blot and ELISA using SD rat retinal soluble fractions.
In the present study, 3-5-week-old inbred RCS (rdy-/-) rats and SD
rats (Crea, Tokyo, Japan) reared in cyclic light conditions (12h on/12h
off) were used.

Drug administration. Systemic administration of nilvadipine to rats
was performed as described recently [7]. Briefly, nilvadipine was dis-
solved in a mixture of ethanol:polyethylene glycol 400:distilled water
(2:1:7) at a concentration of 0.1 mg/ml, diluted twice with physiological
saline before use, and injected intraperitoneally (1.0 ml/kg) into rats (3
weeks old) every day early in the morning for 2 weeks. In control rats,
the same solution without nilvadipine (vehicle solution) was adminis-
trated as described above.

DNA microarray analysis. Total RNA from nilvadipine treated and
corresponding control retinas (n =4 for one analysis) was isolated
using Isogen reagent according to the procedure recommended by the
manufacturer (Nippon gene, Tokyo, Japan). Five micrograms of total
RNA was reverse-transcribed into first-strand ¢cDNA, using 20U of
SuperScript 11 RNase H Reverse Transcriptase (Life Technologies,
Rockville, USA), and Iul of 0.5mg/ml T7-oligo(dT) primer
(5-TCTAGTCGACGGCCAGTGAATTGTAATACGACTCACCA
CTATAGGGCGT-3), at 42°C for 1 h in 20 pl of reaction [1x first-
strand reaction buffer, 10mM DTT, 0.25mM dNTPs, and 20U
RNasin (Promega, Madison, USA)]. Then, 30 ul of 5x second-strand
synthesis buffer, 3l of 10mM dNTPs, 4l DNA polymerase I, 1 pl
FEscherichia coli RNase H, 1 ul E. Coli DNA ligase, and 92 pul of RN-
ase-free H,O were added, incubated at 16°C for 2h, and incubated
again at 16°C for 10 min after the addition of 2 ul of T4 DNA poly-
merase. The double-strand cDNA was extracted with 150 pl of phenol-
chloroform to get rid of proteins and purified using a Microcon-100
column to separate out the unincorporated nucleotides and salts. The
RNA amplification was performed using Ampliscribe T7 Transcrip-
tion kit (Epicentre Technologies, Madison USA) in a mixture of 8 pl
double-stranded cDNA, 2 ul of 10x Ampliscribe T7 buffer, 1.5 pl each
of 100 mM ATP, CTP, GTP, and UTP, 2ul of 0.1 M DTT, and 2 pl T7
RNA polymerase, which were incubated at 42 °C for 3 h. The amplified
RNA was purified with RNeasy Mini Kits (Quiagen, Valencia USA).
T7 RNA polymerase-amplified RNA (aRNA) was labeled with Cy3
and Cy5 fluorescent dyes, respectively, using Atlas Fluorescent La-
beling Kit (Clontech, Palo Alto, USA). Cy3- and CyS5-labeled probes
were hybridized to rat Atlas Grass microarray 1.0 (Clontech, Palo
Alto, USA) which includes 3774 genes with various functional cate-
gories, such as the gene related to oncogenes and tumor suppressors,
cellular signaling, apoptosis, and transcription regulators, at 50 °C for
16 h. The microarrays were washed according to the manufacturer’s
instructions; the slides were air-blown dried, prepared for scanning,
and scanned for fluorescence with GenePrix (Axon, Union City USA).
Experiments were performed in triplicate using freshly prepared
mRNA. The expression ratio was calculated by dividing fluorescence
intensity of gene elements in nilvadipine treated rat by fluorescence
intensity of gene elements in nilvadipine untreated rat. Genes signifi-
cantly altered upon administration of nilvadipine were listed according
to the following criteria: (1) Genes with a ratio of 2.0 or above or a
ratio of 0.5 or below were considered up- or down-regulated. (2) Only
30 genes in which change ratio was consistently observed among the

triple experiments were listed in Table 1. (3) Genes met criterion (1) but
were excluded because their ratios were in different categories (normal,
up-regulated or down-regulated) among the triple repeated experi-
ments.

RT-PCR analysis of FGF2 and arc. Total RNA from retinas was
isolated using Isogen reagent according to the procedure recommended
by the manufacturer (Nippon gene, Tokyo, Japan). The cDNAs were
generated from 2pg retinal RNA in a 12-ul reaction using 1pl ol-
igo(dT) primer (0.5 mg/ml) (Gibco-BRL, Life Technologies, Rockville,
MO, USA). The reaction mix was denatured at 70°C for 10 min. Four
microliters first-strand buffer (250 mM Tris-HCI, 375mM KCI, and
15mM MgCl,) (Superscript; Gibco), 2 ul dithiothreitol (0.1 M) (DTT;
Gibeo), | ul deoxyribonucleoside triphosphate (10mM) (dNTP; Gib-
¢0), 1 pl ribonuclease inhibitor (40 U/ul) (RNase inhibitor; Gibco), and
I pl reverse transcriptase (200 U/ul) (Superscript II; Gibco) were added
to the mix. The incubation was carried out at 42°C for 50 min and at
70°C for 15min. The PCR amplifications were performed using 4 pl
from the RT reaction, 5 ul of 10x PCR buffer (200mM Tris-HCI and
500 mM KCI), 2 ul MgCl, (50 mM), 1 il dNTP, 5 pl sense and antisense
primers (10 pM/ul), and 0.5ul Tag polymerase (5U/ul) (Gibco). The
PCR mix was denatured at 94 °C for 4 min and then run for 30 cycles
of 94°C for 1 min, 55°C for 1 min, and 72 °C for 2 min.

For Tagman PCR analysis, the primers and probes were designed
with primer-express software (Applied Biosystems) as follows: FGF2
forward, ¥-GAACGCCTGGAGTCCAATAACTA-3, reverse, 5'-CC
CGTTTTGGATCCGAGTTT-3, detection probe, 5-ACACTTACC
GGTCACGGAAATACTCCAGTT-3; Arcforward, 5-TGAGCCAC
CTGGAAGAGTACCT-¥, reverse, 5-TCACCGAGCCCTGTTT
GAA-3, detection probe, 5-TATTGGCTGTCCCAGATCCAGA
ACCACAT-3. Rodent GAPDH as an internal control was amplified
by using a commercially available kit (Applied Biosystems) at the same
time. The PCR mix contained 1 pl cDNA template, 1 x Tagman buffer
A, 8% glycerol, 5mM MgCl;, 200uM each of dATP, dCTP, and
dGTP, and 400 uM dUTP, 1.25U AmpliTag Gold DNA polymerase,
0.25U AmpErase UNG, and 300nM each of the primers in total 25 ul.
Standard reactions were performed by using an Applied Biosystems
PRISM Sequence Detection System. All experiments were performed
in triplicate.

Western blot. Nilvadipine treated and untreated RCS rats (5 weeks
old; 1 animal, 2 eyes, was used for one blot) were brought to the
analysis. Analysis was performed five times with different preparations
(total five RCS rats were used for each). Western blot analysis was
carried out as described previously [7].

Results

Nilvadipine and their vehicle solution were adminis-
trated to 3-week-old RCS rats or SD rats every day for 2
weeks, and mRNA profiling assay was performed using
4- and 5-week-old RCS rats and 5-week-old SD rats
(n = 6 rats, 12 retinas for each condition). Among 1101
genes related to signal transduction, growth regulation,
hormonal and neuronal regulations, cytoskeleton, im-
mune response, apoptotic pathway, and other cellular
regulatory mechanisms, 18 and 12 genes were down-
regulated and up-regulated, respectively, more than two
folds upon systemic administration of nilvadipine in
RCS rat retina (summarized in Table 1). In contrast,
only 7 and 11 genes were down-regulated and up-regu-
lated, respectively, in SD rat retina.

Upon systemic administration of nilvadipine, several
down-regulated genes related to anti-hypertensive

— 288 —



M. Sato et al. | Biochemical and Biophysical Research Communications 306 (2003 ) 826831

828

"$19119] Plog St passardxs sie (7 ueyl aiowr) safueyd JUBSYIUBIS
‘s19139] pjog se passardxas axe (7o ueyy ssaf) sefueyo juvoyudig,

‘S F surawt

se passodxo aIe ee(y 181 pareaniun awdIpRA[IU UI S)UsLIa[e ousd Jo AYsuaju aousdsaIony Aq Jel pajean) swidipeA[iu Ul SIUSWAJe 3UaS Jo A)isus)ul souadsaiony Buiplalp &q pojeinojed sem ohjel uossardys ay L

fog] PoIR[RI-SISA|OOAID 90°0F L0 0Fsse 1€TF90°9 616C7TN v asejople ajeydsoydsiq-asojoni
133 Jaya0dsuen spudsg POOF 60 LOOFELT [ANIEN! 6v1£9a 1apodsuen spndadodio Asupry
(8y] [SUUBYD WNISSEI0] 100F€L0 €0°0F 97T LOOFY] 08839 1°¢ ujoad [uueyd B pares-o8eIoA
[L¥9¥] wal0xd Surpuiq 1O parefel-sey PO0F 80 LOOFOET 60°0FST| 6696171 g ey
[sp] uononpsuel; {eudlg TIFIS POOFILO SO'0F 640 0LESTIN Q O aseuny uRj0Ig
[sv] uononpsuen [eusig CEFE0I J0'0F €S0 LOOFILO 987L0X ® ) aseuDy| usjolg
[sy] uoponpsuel [eusig WOFYE 90'0F 60°1 90°0F L0 9rLEN G aseuny aseun| JVIN
[syl uononpsue [eudig LOOFEE POOFOT $O'0F8E0 TIHLTT 6 oseuny (dyIN) wajoid pareanoe-usgolny
[opl uononpsues) [eusig IT0FL91 PLOFECT 10FST 9TSLIN ungns ©OH
43 103de0a1 IRIWSUBIIOINSN ISOF PP SO0FSSO 90°0 F 950 €961 9 101dadax syewreIn|o
[ey] 103da0a1 13)}IWUSUBIIOINAN SPOFIS 90°0F €L°0 LOOTF 80 £TP1004V v Jo1dedal YAWN
[oz] 103da00) JONIUSUEI0INN YUOFSE LOOF 90 800F£5°0 89£560 nungns 1d 101dedsr VD
foz 10yd8001 1o IWSURIIOINON TE0F 652 FOFELO TIOF LSO 067801 yungns [ 103d9%21 YEVO
[1] Jojoej uondussuel], YSOF TP TIOFLET 10FLSTT L9T9TT 1ojory uonduosues} gi-AN
[o] 1oy0r; uonduosuely LOOF YT COFIPE SYOTFTE $66010N urjoad pate[al VqIo-p
le¢] WSIOqeiow ;2D WOFUE LY0OF 99T TOFETT $1991d ase 1V 4,20 wmnonai onusgjdopuy
[g¢] wsHoqeiowt B SO0FO01 1T0FPST TOF9T 9zIeld gurejoad xyij-urwisia [einaN
[8¢] wsijoqeiaur ey LOOFOT oFTE yOFSS szigla Zup101d 2)I-ULLISIA [BINON
fLel UOLINPSUEIOIOY] 00F S0 PTOFH9T TOF891 8S6PEN yungns ¢ upnpsuely,
fog—+¢l souaf Al1es syeipauruy 00F01 900 FSET FOFEPT 998610 ary
[ec-12] uonrIauadap [BuneI SO 10§ 1030r) dnnadeldys Jqssod PLOFOE OFE 800F 8T LTVTIN (z3D4d) T 10108) [ImoIs 1s8[qoIqLg
sauad pajpnda.-dn
[ozl 74D 3o 101E[NS0y ‘XUjBW IR[nf[aoenXy 10F€0 IFOFpeEo 600F 90 LOOVET | ueodAo
[s7] pajejar-uoisusiiediy ‘[BUOULIOH LOOFIT0 TOFLEO COFS0 196201 upuay
[yzl paje[aI-uoisusiiadAy TRUOMLIO] 900 F81°0 96°0F 62°0 £10FS0 LYO9EN 101d3021 PIODI1I030[LIRUTA
[¢2] paje[eI-uoisusiedAy ‘JeUOUIOH 80°0FHT0 SO0FIT0 YIOFLO welz 10ydaoar zA urssardosep
[zd) 101d2001 JONIWSUBIIOINON SO0FE0 LOOFPE0 T0F90 8ELYON ¢ 103daoar upeIsojEwIog
ficl 101d0051 JIWSTRIOINAN 1'0F 6£°0 90°0F 67°0 81°0FL90 SLPO0N 1g 10ydasar pro1do
[oz 101d90a1 1aYIWSURIIOIMAN COFO0T 900 F¥b0 80°0F 80 WIS nunqns ¢4 103doda1 ygvo
m_wo.s_omo.ﬁﬁum ‘_O,w 10308) xmmm

l61] wajoxdody) vusejq 90°0F 0 910 F 6770 SIOF¥90 PLILOT urejoid Bunipa YNy g upjoidodijody
[gr°z1l 10308} 2And101dOINGY B[qISSOJ SO0 F 80 TI0F9E0 TTOF 160 10996 Japodsuen) sulnej,
[o1] [SUUBYD WNISSEIO] STOFS0 TOF6£0 TE0F 630 1¥879X ¥'¢ jouueyo 3 pared-ofeijop
[s1l wsHoqeIdw 2D 90°0F #1'0 60°0FET0 COFOI S6LOEA | se[24d [Asoqu-dQV
i1l wSI[OqRIdW 4 8D 800F 0 POOFSP O ZI0F 90 P6£19X yungns ¢gf puueyo ,e)
fer] WSIOqeIdW 9ANBPIKO T0FZE0 FOFpo TOFLO LS970f 11OII 0Sbd SWoIY0AD
[e1] WSIOQEIAW SANEPIXO TIOF o SO0FT0 1'0F90 SOTITIN [IAXX 0Sbd SWOIyd0ILD
[er] onoydody ETOFILO LOOF+0 80°0F 840 6£599X % JOJOEJ SISOIO0U Jown |,
[11] onoydody TTOFOL 90°0 F €0 TOFR0 96££1N (Z31v1) T eseuny umpjoid dulsoIA} snuef
lot] onoydody 900 F ¥S0 SO'0F9T0 TOFE0 PPLTIX auadoouo-ojo1d yqig
{68l sisoydody SO0F 950 90°0 F 8Y°0 TOFLO TLOOTIA usdnue ¢paD
souas mum:u\:Mm.T:ieQ

as syeam g SO $%eam 7 SO Joam] AR

$0UBISJIY $9[01 3]qIssod oney yueguan

sier (OS pue §OY 03 surdipeAjiu ylim wonensuupe orwa)sAs uodn sauad uoissaidxe ur safuryo juroyusis
I 31qeL

— 289 —





