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A Mutation in the Cone-Specific pde6 Gene Causes Rapid
Cone Photoreceptor Degeneration in Zebrafish
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Photoreceptor degeneration is a common cause of inherited blindness worldwide. We have identified a blind zebrafish mutant with rapid
degeneration of cone photoreceptors caused by a mutation in the cone phosphodiesterase c ( pde6c) gene, a key regulatory component in
cone phototransduction. Some rods also degenerate, primarily in areas with a low density of rods. Rod photoreceptors in areas of the
retina that always have a high density of rods are protected from degeneration. Our findings demonstrate that, analogous to what happens
to rod photoreceptors in the rd1 mouse model, loss of cone phosphodiesterase leads to rapid degeneration of cone photoreceptors.
Furthermore, we propose that cell density plays a key role in determining whether rod photoreceptors degenerate as a secondary
consequence to cone degeneration. Our zebrafish mutant serves as a model for developing therapeutic treatments for photoreceptor
degeneration in humans.
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Introduction
Retinal photoreceptors are the primary cells in the eye responsi-
ble for detecting light. Without photoreceptors, we are unable to
process visual stimuli, and our ability to function in the world is
severely limited. Vertebrates contain two classes of photorecep-
tors, rods and cones. Rods are responsible for vision under dim
illumination, whereas cones respond to bright light and give us
color vision.

The enzymatic cascade responsible for light detection is
known and is analogous in rod and cone photoreceptors. The
seven-transmembrane GPCR (G-protein-coupled receptor) rho-
dopsin or cone opsin together with 11-cis-retinal, absorbs a pho-
ton of light. Activated opsin then interacts with transducin and
converts it from inactive GDP-bound form, to an active GTP-
bound form. GTP-transducin stimulates a cGMP phosphodies-
terase leading to the hydrolysis of cGMP and the closure of cation
channels within the photoreceptor outer segment. This causes
cell hyperpolarization and a decrease in vesicular glutamate re-
lease at the cell synapse (for review, see Chen, 2005).

Photoreceptor degeneration is one of the most common
causes of inherited blindness. Dozens of genes responsible either
for rod degeneration, cone degeneration, or the degeneration of
both of these photoreceptor classes have been identified. For ex-
ample, retinitis pigmentosa (RP), a disease characterized by the

initial degeneration of rods followed by secondary degeneration
of cones, can be caused by mutations in �35 different genes
(http://www.sph.uth.tmc.edu/Retnet/). Patients with RP are first
night blind and then progressively lose all their vision.

The discovery of many disease genes causing photoreceptor
degeneration has been facilitated by the specialized nature of rods
and cones and the nonessential requirement of vision for sur-
vival; most of the genes involved in phototransduction are
unique to photoreceptors. Unfortunately, the functional diver-
sity in the types of defects leading to RP and other degenerative
disorders has made identifying common molecular mechanisms
underlying degeneration difficult (for review, see Hims et al.,
2003; Hartong et al., 2006; Daiger et al., 2007). Even less under-
stood in this devastating disease, are the molecular mechanisms
that lead to the secondary death of photoreceptors not expressing
the mutated gene. For example, why do cones die in RP when it is
the rods that express the mutated gene?

In this report, we present a zebrafish cone photoreceptor de-
generation mutant. Zebrafish are ideal for analyzing retinal de-
generation. They develop rapidly, have strong easily measured
visual responses, and can be easily manipulated using molecular
and genetic methods. Through genetic screening and positional
cloning, we identified a mutation in the cone-specific phospho-
diesterase gene ( pde6c). This mutation leads to the rapid degen-
eration of all cone photoreceptors soon after their formation. The
rods also degenerate, but what is striking is that this degeneration
occurs only in areas that were originally rich in cone photorecep-
tors and contained relatively few rod photoreceptors. Rod pho-
toreceptors in areas of the zebrafish retina that always have a high
density of rods appear protected from degeneration. Our findings
demonstrate that, analogous to what happens in the rd1 mouse
model, loss of phosphodiesterase leads to rapid cone photorecep-
tor cell death. Furthermore, we propose that cell density plays a
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key role in determining whether photoreceptors degenerate as a
secondary consequence to an initial burst of degeneration. Our
zebrafish mutant serves as a model for developing therapies to
treat photoreceptor degeneration in humans.

Materials and Methods
Zebrafish maintenance and mutant isolation. AB* and WIK strain ze-
brafish were obtained from the University of Oregon and maintained as
an inbred stock in the University of Washington Zebrafish Facility. Adult
fish and larvae were maintained at 28.5°C in reverse-osmosis distilled
water reconstituted for fish compatibility by addition of salts and vita-
mins (Westerfield, 1995) on a 10/14 h dark/light cycle.

The pde6cw59 mutant was isolated in a three-generation screen of ethyl
nitrosourea-mutagenized AB* strain zebrafish using the optokinetic re-
sponse (OKR) behavioral assay as described previously (Brockerhoff,
2006; Brockerhoff et al., 1998). Briefly, progeny from crosses between F2

siblings were partially immobilized in 6% methylcellulose (Sigma, St.
Louis, MO), and their eye movements were analyzed in response to ro-
tating illuminated stripes. In crosses between pde6cw59 heterozygotes,
25% of the larvae showed no eye movements in white light. The stripe
width used for the screen was 20°. Under normal conditions, pde6cw59

larvae do not survive to become adults. However, when we grew pde6cw59

larvae with a 10� higher than normal concentration of paramecium,
50 –100% of the mutant larvae would survive past 2 weeks postfertiliza-
tion (pf). Between 14 and 21 dpf, pde6cw59 mutants began to eat brine
shrimp and then survived as well as wild-type (WT) larvae under the
normal conditions of our fish facility. Fish that show a normal OKR
(OKR�) include WT fish and fish heterozygous for the pde6cw59 muta-
tion. There were no obvious phenotypic differences in electrophysiology
or histology between WT and heterozygous fish. For all experiments
identifying and scoring polymorphisms, a hybrid strain between AB* and
WIK was used. WIK is a WT zebrafish strain that is polymorphic with the
AB* strain and is commonly used for mapping studies (Johnson and Zon,
1999). Because pde6cw59 was generated in AB*, this mutation segregated
with AB* markers.

To visualize ON-bipolar cells, fish heterozygous for the pde6cw59 allele
were mated to fish carrying the nyx::MYFP transgene. This transgene
directs expression of the membrane-targeted form of YFP (yellow fluo-
rescent protein) in a subset of ON-bipolar cells (Schroeter et al., 2006).

Electroretinograms. The procedure for recording electroretinograms
(ERGs) has been described previously (Van Epps et al., 2001). Zebrafish
were dark-adapted for 1 h before placement in the recording chamber
and were then left in complete darkness for an additional 10 min mini-
mum after positioning.

Immunocytochemistry. Immunolabeling and fluorescence imaging
were as previously described (Fadool, 2003). Briefly, eyes or whole larvae
were fixed by immersion in 4% paraformaldehyde in 80% HBSS at 4°C
for 4 h to overnight. Tissues were rinsed in buffer and cryoprotected in
30% sucrose and mounted in OCT medium (Miles Scientific, Elkhart,
IN). Seven- to 10-�m-thick frozen sections were adhered to gelatin-
coated glass slides and postfixed in 2% paraformaldehyde. Immunoflu-
orescent labeling using the mouse monoclonal antibodies that recognize
specific cells in the zebrafish neural retina, in combination with mouse-
specific Alexa 543-conjugated secondary antibodies (Invitrogen, Carls-
bad, CA) were performed essentially as described previously (Fadool,
2003). Nuclei were counter stained with 4�,6-diamidino-2-phenylindole
(DAPI) (Sigma). Tissues were viewed on the Zeiss (Oberkochen, Ger-
many) inverted microscope, and images were captured and processed
using the Zeiss Axiocam Digital Camera and Axiovision software. Con-
focal images were generated on a Zeiss LSM 510 equipped with a 40�
water immersion objective [numerical aperture (NA), 1.2]. The follow-
ing primary antibodies and dilutions were used: 1D1 (1:100 dilution), a
monoclonal antibody that recognizes an epitope on rhodopsin; 4C12
(1:100 dilution), a monoclonal antibody that recognizes an unknown
epitope on rods (J. Fadool and P. Linser, unpublished data); and Zpr-1
(1:20 dilution), a monoclonal antibody that recognizes red and green
cones (Oregon Monoclonal Bank, Eugene, OR). For several ages, bipolar
cells were immunolabeled with rabbit antibody to protein kinase C�
(PKC�) (1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA).

Histological analysis and cell counts. Light and transmission electron
microscopy (TEM) on mutant and sibling OKR� larvae were done as
described previously (Schmitt and Dowling, 1999). For TEM, 60 –70 nm
sections from two OKR� and two pde6cw59 larvae were analyzed.

To quantify the number of rods or ON bipolar cells in the outer (ONL)
or the inner nuclear layer (INL), respectively, retinal sections were exam-
ined from individual eyes from two to five mutant or age-matched
OKR� fish per time point. Bipolar cells were counted in retinal sections
from 8 –9 dpf, 16 dpf, and 12-week-old fish (no differences in bipolar cell
number between OKR� and mutant were observed at any of the time
points examined). Rods were counted in 16 and 28 dpf larvae, and 6- and
12-week-old fish (for rod cell numbers, see text). For adult retinas, two or
three transverse sections taken through or adjacent to the optic nerve,
and separated by a distance of no less than 70 mm were examined. Con-
focal stacks (5 mm thick) were captured from two regions of the dorsal
retina approximately midway between the optic nerve and margin and a
third region adjacent to the retinal margin using a 40� water immersion
objective lens (NA, 1.2). For larvae, images of the entire eye or of the
central retina were captured using a 20 or 40� objective lens, and a single
section through or bordering the optic nerve was examined. Rod cell
bodies were identified by immunolabeling with 4C12. Bipolar cells were
either immunolabeled with antisera against PKC� or expressed the
nyx::MYFP transgene (Schroeter et al., 2006). All samples were counter-
stained with DAPI. The number of cells in 50 –100 mm regions was
counted, and the data were expressed as the number of intact neurons per
100 �m of linear length of the ONL. For statistical analysis, data were first
tested for unequal variances and none was found. At each time point,
differences between the average number of neurons in WT (OKR�) and
mutant were tested using Student’s t test.

Results
Mutant identification
We use a behavioral screening strategy that identifies recessive
mutations in F3 generation larvae. These larvae are derived from
ENU (N-ethyl-N-nitrosourea)-treated great grandfather fish. In
our behavioral assay, we analyze the larvae at 5 dpf for abnormal
eye movements in response to rotating illuminated stimuli. This
screening strategy identifies genes essential for cone visual path-
ways because zebrafish larvae rely exclusively on their cone pho-
toreceptors for visual function (Brockerhoff et al., 1998).

Our first observation of the mutant larvae, at 5 dpf, was that
they had no eye movements in response to the rotating illumi-
nated stimuli. Otherwise, the mutant appeared completely nor-
mal in morphology (Fig. 1A,B). The external eye size appeared
normal and mutant larvae developed a swim bladder, an indirect
measure of fish health. The mutation is recessive and one-quarter
of the larvae from a mating cross between two heterozygous fish
are blind at 5 dpf.

Mutant retinal histology and gene identification
After identifying apparently blind fish with normal external mor-
phology, we proceeded to analyze retinal histology in WT versus
mutant fish. In WT zebrafish at 4 dpf, cone photoreceptors are
already distributed throughout the retina in a precise mosaic
(Raymond et al., 1995). Cones in the central retina are most
mature and cones in the periphery are the least mature. In con-
trast, at 4 dpf, rod photoreceptors are less densely distributed
throughout the retina and are initially concentrated in the ventral
region, in an area referred to as the ventral patch (Raymond et al.,
1995; Fadool, 2003).

By 4 dpf, we noticed that cones had already degenerated (Fig.
1D) in the mutant. The loss of cones is so extensive that in the
place of cones there are holes or gaps (white areas) in the outer
retina where the cones should reside (Fig. 1D). The degeneration
we observed in the mutant at day 4 was in the central part of the
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retina. The ventrally located prominent
rods appeared intact. Furthermore, by 7
dpf, cells with rod-like morphology were
distributed throughout the retina (Fig.
1E). Interestingly, the rod outer segments
appeared slightly aggregated at this age.
Also, contact between the retinal pigment
epithelium (RPE) and photoreceptors,
was reestablished by 7 dpf. We hypothesize
that the absence of the intervening cones
causes neighboring rods to appear aggre-
gated. These histological observations led
us to conclude that the mutation initially
leads to degeneration of cones and not
rods.

After establishing that the mutant had
an apparently cone-specific degeneration
phenotype, we proceeded to map and
clone the mutated gene. Through a posi-
tional/candidate gene approach, we iden-
tified pde6c as the gene mutated in our
blind zebrafish (Fig. 2A). We first mapped
the mutation to linkage group 12 using 500
mutant larvae as our mapping panel. pde6c
is positioned in the SANGER (http://www.
ensembl.org/Danio_rerio/index.html)
zebrafish genomic sequence near this mu-
tation. We considered pde6c a reasonable
candidate gene based on the histological
phenotype. Because the mutant cone pho-
toreceptors degenerate, obtaining signifi-
cant mutant mRNA from cone photore-
ceptors was challenging. Therefore, we
amplified genomic DNA, together with
flanking intron splice donor and acceptor
sites, to identify the mutation. We found a
single nucleotide change (A to G) between
WT and mutant genomic DNA (Fig. 2A)
that disrupts a splice acceptor site leading
to a deletion of two nucleotides and a cor-
responding frame shift in the cDNA for
pde6c (allele designation pde6cw59). We
predict that the stop codon at amino acid
position 506 in the mutant reading frame
leads either to nonsense-mediated decay of the mRNA or a trun-
cated Pde6c protein, which is degraded in developing cones.

In situ hybridization with antisense probe on WT larvae con-
firmed the cone-specific expression of pde6c (Fig. 2B–E). At 53 h,
we initially saw pde6c message only in the pineal (Fig. 2C). At 72
hpf, mRNA was detected in the eye and in some larvae was con-
fined to the ventral patch or was extending in the anterior, nasal
direction (Fig. 2D). The staining then rapidly progressed
throughout the ONL and evenly covered this layer in all larvae by
day 4 (Fig. 2E). The initial progression and even distribution of
staining by day 4 is characteristic of genes expressed specifically in
cone photoreceptors (Raymond et al., 1995; Brockerhoff et al.,
2003).

Once we had identified the mutation, we were able to geno-
type fish before when they could be identified by alteration of
visual behaviors. We analyzed genotyped fish early in develop-
ment by time-lapse imaging (data not shown) and also histology
(Fig. 1C). Using these methods, we established that the cones
begin degenerating at �80 hpf. We also labeled young genotyped

larvae with an antibody that specifically labels rod photorecep-
tors. As suggested by the histology, the immunocytochemistry on
genotyped larvae indicated that rod photoreceptors are intact
and, furthermore, that their distribution throughout the retina
appeared normal (Fig. 1F), although the width of the outer seg-
ments appeared broader than in the OKR� siblings.

This type of progression of cone photoreceptor degeneration
most closely resembles severe cone dystrophy, Leber congenital
amaurosis, or an early-onset macular degeneration. It is analo-
gous to rapid rod degeneration caused by loss of function (reces-
sive) mutations in the rod-specific pde6 � (Bowes et al., 1990;
Ionita and Pittler, 2007).

ERGs
To assess the function of rods in the pde6cw59 mutant, we re-
corded ERGs. The two initial components of an ERG are the
a-wave and the b-wave. The a-wave records the electrical activity
from stimulated photoreceptors. The b-wave records the activity

Figure 1. External morphology and retinal phenotype of PDE6c �/� through 7 dpf. Dorsal (A) and lateral (B) views of
pde6cw59 and sibling nonblind fish. Notice the normal eye size and development of a swim bladder (asterisk in B) in the mutant.
The mutation is recessive and one-quarter of the larvae from a mating cross between two heterozygous fish are blind at 5 dpf.
pde6cw59 retinas at 3 dpf (C), 4 dpf (D), and 7 dpf (E). C, At day 3, cone outer segments are apparent in the mutant retina. The arrow
points to an intact cone outer segment. D, By day 4, cones in the central one-half of the retina have degenerated. The bottom right
panel labeled “rods” points to the elongated rod outer segments in the ventral patch of the retina. E, At 7 dpf in WT retinas, cone
outer segments dominate the outer nuclear layer. In mutants, cones are markedly absent, and rods are distributed throughout the
retina and their outer segments appear aggregated (red oval). F, Whole-mount staining of rod photoreceptors at 4 dpf. The image
was collected at the level of photoreceptor outer segments. The overall distribution of rods across the retina appears similar in
mutant and WT eyes. Rod outer segments are pronounced in the mutant. The antibody used (4c12) labels an unknown epitope
specific to rod photoreceptors. Please see text for more details.
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from neurons postsynaptic to the photoreceptors (Dowling,
1987; Pugh and Lamb, 1993).

In zebrafish, the rod photoreceptors mature more slowly than
the cones. Vision and ERG responses in WT 5 dpf zebrafish larvae
are determined by cones. In the absence of functional cones, the
larval ERG response is absent (Brockerhoff et al., 2003). Thus, as
expected, the all cone ERG of the 5 dpf zebrafish larva was absent
in the pde6cw59 mutant (data not shown).

In wild-type zebrafish, the rod component of the ERG can be
separated from the cone component at �2–3 weeks postfertiliza-
tion (Branchek, 1984; Bilotta et al., 2001). We hypothesized,
given the pronounced rod outer segments in the pde6cw59 fish at 4
and 7 dpf (Fig. 1E,F), that we might detect a rod ERG even earlier
in the pde6cw59 mutant than in WT larvae. However, to date,

ERGs done through 40 dpf in the mutant show only a small
a-wave component of the rod ERG (Fig. 3) (data not shown).

Rod photoreceptor dystrophy in the absence of
neighboring photoreceptors
One possible explanation for the lack of a robust rod ERG is that
the rods degenerate slowly as a secondary consequence to the
rapid cone degeneration. To evaluate this hypothesis, we exam-
ined the retina from mutants at additional time points up
through 6 weeks of age using histological methods (Figs. 4, 5).

Because the mutant pde6cw59 larvae are blind, they are unable
to actively forage for food and typically die from starvation at
�10 dpf. To grow larvae to older ages, we concentrated parame-
cia �10-fold through low-speed centrifugation. At these high
concentrations, pde6cw59 larvae consumed enough paramecia to
survive and grow. Once the pde6cw59 larvae were large enough to
eat brine shrimp, by �3 weeks pf, the mutant larvae grew as large
as sibling nonblind fish. This enabled analysis of retinal histology
in young adult fish.

As shown in Figure 1, E and F, at days 7 and 4, respectively, rod
photoreceptors appeared abundant in the mutant retina with
greater density in the ventral retina and more scattered labeling
dorsally and centrally. However, when we analyzed mutant reti-
nas 24 – 48 h later (at 8 –9 dpf), we found that rod photoreceptors
appeared somewhat reduced in number compared with OKR�
and more strikingly rod outer segments appeared dystrophic
(Fig. 4B,D). In fact, the rods in the central retina were so un-
healthy that we could not easily quantify them because of a frag-
mented appearance. This reduction in rod number and abnormal
rod morphology appeared most pronounced in the central retina.

We also found that bipolar cells in the mutant showed an
abnormal morphology at this age in response to the massive cone
degeneration (Fig. 4E–H). For example, in the INL of the OKR�
retina, the bipolar cell perikaria are normally aligned in a dense
row, one to two cells thick. In contrast, many of the perikaria in
the mutant larvae were displaced, residing either to the inner
most region of the inner plexiform layer (IPL) or adjacent to the
outer plexiform layer (OPL) (Fig. 4E,F). Furthermore, in the
pde6cw59 mutant retina, we observed misrouting of bipolar cell
neurites beyond the IPL and into the ganglion cell layer (Fig. 4F,
arrow), as well as gaps in the dendritic field of the OPL. Finally, in
tangential confocal images, we noticed a dramatic reduction in
the number and arrangement of dendritic processes in the OPL in
the absence of the cones (Fig. 4G,H). However, bipolar cell num-
ber was the same in mutant and nonmutant retinas (OKR�, 67 �
4.1; pde6cw59, 68 � 5.2) and terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling-
positive bipolar cells were not observed (data not shown). Alter-
ations in morphology of second-order neurons and remodeling
of dendritic processes are common features of photoreceptor cell
dystrophies in humans and model organisms (Jones et al., 2003;
Marc et al., 2003).

To verify the apparent secondary loss of rods in the central
retina, we examined fish at �6 weeks of age. Again, we found a
noticeable loss of rods in the central retina where the majority of
cones originally resided (OKR�, 59 � 4; pde6cw59, 46 � 6). In the
central retina, at most, we detected a single layer of photoreceptor
nuclei between the pigmented epithelium and the OPL (Fig. 5A,
red line). Furthermore, in many areas throughout the central
retina, the OPL was completely absent and horizontal cells con-
tacted photoreceptor nuclei (Fig. 5C,D, arrows). At 6 weeks, rod
photoreceptors in the ventral region and also in the dorsal fourth
of the retina were still abundant and we could identify intact rod

Figure 2. Sequence comparison between pde6cw59 fish and WT fish and cone-specific ex-
pression of pde6c. A, The mutation is in a splice acceptor site between exon 11 and exon 12. The
red arrow points to the mutation (A to G) and the black arrow marks the beginning of exon 12.
Mutant sequence is on top, and WT sequence is on the bottom. B–E show in situ hybridization
on WT zebrafish larvae using pde6c antisense RNA. B, At 53 hpf, staining was only detected in
the pineal (arrow). C, D, At 72 hpf, staining in the ventral patch (arrow) and ventral anterior
portion (leftward arrow) of the eye was detected. E, Robust symmetric staining across the ONL
was evident at 5 dpf.
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synapses (Fig. 5B) as well as many rod nu-
clei (Fig. 5A, arrow). The loss of rods in the
central region of the retina together with
the dramatic loss of bipolar cell dendritic
processes explains the absence of a rod
ERG at 6 weeks of age.

The gradual degeneration of rods in the
central retina in the pde6cw59 larvae was
very striking to us because it suggested ad-
ditional secondary factors were influenc-
ing rod survival. We considered two pos-
sibilities: (1) that photoreceptor cell
density was critical for determining cell
survival (because rods in the central retina
were primarily dying) or (2) that rods required neighboring
cones for their survival. To distinguish between these possibili-
ties, we were able to take advantage of a feature unique to ze-
brafish, that new photoreceptors are generated in the fish retina
throughout life. Many teleosts and amphibians continue to grow
throughout their life, and the increase in body mass is matched by
an increase in the size of the eye and the area of the retina (Johns
and Fernald, 1981; Fernald, 1990; Marcus et al., 1999; Otteson
and Hitchcock, 2003). The increase in retinal area is attributable
in part to the annular addition of new neurons, including photo-
receptors, at the retinal margin by a population of mitotic pro-
genitor cells. At the retinal margin, approximately equal numbers
of rods and cones are generated. Another source of rod photore-
ceptors are proliferating cells within the INL and ONL (Raymond
and Rivlin, 1987; Julian et al., 1998; Otteson et al., 2001). We
predicted that, if photoreceptor cell density were a critical factor
controlling rod survival, as the rod cell density at the retinal mar-
gin (and possibly in the center) increased sufficiently, the newly
generated rods would continue to populate the retina. However,
if the second scenario was correct and the absence of cones some-
how poisoned rod viability, we would never see an abundance of
rods in the central retina, although rods and cones would still be
born in the periphery.

To test these ideas, we waited for mutant fish to reach 3
months of age to allow time for retinal outgrowth and then ex-
amined mutant and OKR� retinal histology. At 3 months, the
rod photoreceptors appeared healthy throughout the retina
(OKR� central rods, 62.8 � 9.6; pde6cw59 central rods, 64.8 �
17.4) with elongated outer segments, several rows of cell nuclei
(Fig. 6B,D) in the ONL, and apparently normal rod spherules
(Fig. 6E,F, arrows). Therefore, in regions initially with a high
density of rods, the ventral patch in the larvae (Fig. 1D) and that
generated by the retinal margin in the adult (Fig. 6B,D), the rods
did not degenerate. Eventually, rods populated the entire outer
retina, including the center, suggesting that rods generated by the
rod progenitor cells also survive. These results are consistent with
rods requiring neighboring photoreceptors for their survival and
suggest that cell density influences photoreceptor survival.

We analyzed 3 month mutant retinas for cones as well. As
expected, the cones continue to degenerate soon after formation.
We observed greater numbers of newly generated cones at the
retinal periphery (Fig. 6C), although their morphology was ab-
normal, with aberrant outer segments. In the more mature cen-
tral retina, the cones were sparse (Fig. 6A), and large stretches of
retina were completely devoid of cone photoreceptors (Fig. 6A,
arrow). Preliminary 5-bromo-2�-deoxyuridine (BrdU) uptake
experiments also suggest that the loss of cones is associated with a
regenerative response previously observed after cytotoxic assault,
light damage, or mechanical injury of the teleost retina (data not

shown) (A. C. Morris, T. L. Scholz, C. E. Brockerhoff, and J. M.
Fadool, unpublished observations) (see Discussion).

Timeline of rod dystrophy and regeneration
Our data suggest cell density influences rod survival. To deter-
mine the timeline of loss and regeneration of rods, we analyzed 16
and 28 dpf OKR� and pde6cw59 larvae as well. At these ages, we
found the rods cells in the central retina so fragmented, the ONL
to be incomplete, and the INL to be juxtaposed to the RPE, that it
was impossible to obtain accurate counts of any remaining intact
rods (data not shown). Together, our data indicate that rods die
secondarily to cones in the central retina soon after the first week
of development and that the subsequent rod regeneration re-
quires months.

Discussion
This study reports a newly identified zebrafish mutant with a
defect in the cone-specific pde6 gene. This mutant will be a useful
model for understanding achromatopsia and photoreceptor de-
generation in humans and discoveries in zebrafish will comple-
ment findings made in other model systems such as the mouse.

Heritable achromatopsia (color blindness) in humans affects
�1/33,000 Americans (Alexander et al., 2007). It is caused by
defects in cone phototransduction genes and leads to loss of cone
function, rod monochromacy, loss of visual acuity, light sensitiv-
ity, and nystagmus. Cone degeneration may or may not be asso-
ciated with the disease. In humans, mutations in the cyclic nucle-
otide gated channel � and � subunits as well as cone-specific
version of transducin are known to cause this disease (Kohl et al.,
2000, 2002; Johnson et al., 2004). Furthermore, a very recent
preliminary report indicates that mutations in cone-specific pde6
can be identified in families with achromatopsia (Wissinger et al.,
2007).

This study has made several significant findings. The initial
contribution is the identification and initial characterization of
the pde6cw59 mutation and phenotype. The pde6cw59 mutation
causes rapid cone-specific degeneration and sets the stage for
dissecting the biochemistry that underlies degeneration caused
by Pde6 deficiencies. For example, one of the oldest and most
common models for studying retinal degenerations is the rd1
mouse (Farber and Lolley, 1974). In this mouse, rod photorecep-
tors degenerate because of a mutation in the �-subunit of the
cGMP phosphodiesterase, essential for phototransduction
(Bowes et al., 1990; Ionita and Pittler, 2007). Although a key
biochemical feature of the rd1 mouse mutation that cyclic nucle-
otides are elevated (Farber and Lolley, 1974) has been known
since the early 1970s, we are still not able to precisely describe
what occurs on a molecular level to trigger degeneration. A cor-
relation has been found in other retinal dystrophies between high

Figure 3. ERGs recorded from whole zebrafish larvae at 20 dpf. Note the heterozygous and WT fish show a much larger b-wave
response in bright light [left panel optical density filter (OD) � 0.0] than in dim light (right panel OD � 3.0). Only a possible small
a-wave was noted in the mutant larvae.
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cyclic nucleotides and retinal degeneration
(Olshevskaya et al., 2002). Furthermore,
cGMP binds to plasma membrane cation
channels in the outer segments of photo-
receptors and maintains these channels in
an open configuration. This stimulates an
influx of calcium. The elevation of internal
Ca 2� may be the apoptotic trigger but this
idea has not been rigorously tested and
data evaluating this possibility are incon-
sistent (Frasson et al., 1999; Bush et al.,
2000; Pearce-Kelling et al., 2001; Pawlyk et
al., 2002; Yamazaki et al., 2002; Takano et
al., 2004; Vallazza-Deschamps et al.,
2005).

The second major contribution made
by this study, is the finding that cell density
influenced photoreceptor death. What
continues to remain a mystery in photore-
ceptor degenerative disorders is why pho-
toreceptors that do not express the mutant
gene die secondarily to photoreceptors ex-
pressing the mutation. We found that rod
photoreceptors in regions initially of lower
rod density and devoid of cones degener-
ated, whereas rods in regions containing
higher numbers of rods (ventral patch)
and the dorsal and ventral retinal margins
survived. In the larval zebrafish, cones out-

Figure 4. Histology of WT and pde6cw59 retinas at 8 dpf. A and C show Fret43 labeling for double cones. B and D show 4c12 labeling for rods. Red, Antibody staining; blue, DAPI staining for nuclei;
green, nyx::MYFP for bipolar cells (bp) (Schroeter et al., 2006). In the WT retina, the cones (A) are evenly distributed throughout the outer nuclear layer. The rods (B) are less dense and their
distribution is asymmetric but they also are found throughout the photoreceptor layer. In the pde6cw59 fish, cones (C) and rods (D) are localized to the retinal periphery. Note the absence of both rods
and cones (arrows in C and D) near the center of the retina, around the optic nerve. E–H show high-magnification bipolar cell morphology in the WT and pde6cw59. The arrows in F point to displaced
bipolar nuclei and axonal processes in pde6cw59. G and H show a tangential section of bipolar dendrites at the level of the photoreceptor synapse. Note the dramatic reduction in number of dendritic
processes and the lack of a regular pattern in the mutant compared with WT.

Figure 5. Histology of WT and pde6cw59 retinas at 6 weeks. A compares light micrographs of WT and mutant retinas. Note the
proximity of the OPL to the pigmented epithelium (red line) in mutant compared with WT. The arrow in A points to rod nuclei. B
shows a morphologically normal rod spherule (r) from the pde6cw59 retinal periphery. C and D compare the OPL of WT and
pde6cw59 central retinas. The arrows in D highlight regions in the mutant where the OPL is missing. cn, Cone nuclei; rn, rod nuclei.
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number rods by a factor of 8:1, but, in the
adult, rods and cones are generated in ap-
proximately equal numbers (Fadool,
2003) (Fadool, unpublished observation).
In teleost, including zebrafish, the increase
in body mass throughout the life of the
animal is matched by an increase in eye
size and retinal area. Because all retinal
neurons including photoreceptors con-
tinue to be generated from the retinal mar-
gin throughout the life of the fish, we could
determine whether the absence of cones
somehow caused rod degeneration. For
example, if cones were essential for rod
survival, we would never have rods popu-
lating the central retina in mutant fish, but
this was not observed. Because at 3
months, we had a rod-dominated retina
without cones across much of the retina,
we hypothesize that cell number and not
cell type influences the ability of rods to
survive (for a schematic of our hypothesis,
see Fig. 7). Previous studies indicate that,
during retinal growth, 80% of the increase
in retinal area occupied by photoreceptor
cells is attributable to addition of new neu-
rons from the retinal margin (Kock, 1982).
We speculate that the majority of the new
rods in the mutant are generated during
outgrowth of the margin. Additionally,
gradual filling in of rods from rod progen-
itors that reside in the central retina could
occur in regions of the central retina bor-
dering the areas of higher rod density fol-
lowed by the progressive filling in toward
the optic nerve. Our finding is consistent
with what is known from the rd1 mouse
and human photoreceptor dystrophies.
For example, in the analysis of patients
with rhodopsin gene mutations, second-
ary cone disease correlated to the spatial
and temporal onset of rod disease. Cone
dysfunction by ERG and psychophysics
was detectable with loss of 75% of the rod
function (Cideciyan et al., 1998). In mice,
rods are �20 times more abundant than
cones. Loss of rods in the rd1 mouse and other mouse models of
retinitis pigmentosa, leads secondarily to degeneration of cones
(Carter-Dawson et al., 1978). Furthermore, in mouse mutants
lacking cone cells or cone function, rods do not degenerate (Biel
et al., 1999; Yang et al., 1999; Williams et al., 2005).

Recent studies in these mouse models of rod degeneration
implicate oxidative damage as playing a major role in the second-
ary subsequent degeneration of cones. The hypothesis is that,
after rods die, cones follow because of oxidative damage and
recent experiments demonstrate that in the presence of antioxi-
dants cone survival is improved (Komeima et al., 2006, 2007).
This theory has been proposed because photoreceptors are
known to consume large quantities of oxygen to generate the
energy needed to maintain the dark current. Photoreceptors have
one of the highest densities of mitochondria of any cell type in the
body and the photoreceptor layer uses 50 –100% of the oxygen
consumed in the retina (Wangsa-Wirawan and Linsenmeier,

2003). It may be that a similar principle applies to rod degenera-
tion in the pde6cw59 fish and that an increase in cell density pro-
vides a “sink” for oxygen that minimizes cell damage attributable
to oxidation.

Finally, the regenerative properties within the zebrafish retina
provide the opportunity to determine factors contributing to cell
fate determination and stem cell replacement therapies. For ex-
ample, in preliminary experiments analyzing BrdU uptake in WT
and pde6cw59 fish, we found that proliferation within the INL was
dramatically increased in the mutant (Morris, Scholz, Brocker-
hoff, and Fadool, unpublished observations). In a normal retina,
proliferating cells within the INL and ONL generate rod cells
(Raymond and Rivlin, 1987; Julian et al., 1998; Otteson et al.,
2001). The abundance of rods at 3 months in the mutant retina
compared with the mutant retina at 6 weeks would be consistent
with an increase in rod progenitor proliferation. It is also known
that the progenitors in the INL have the capability to become

Figure 6. Rod versus cone distribution in 3 month pde6cw59 mutant retinas. A and C show Fret43 labeling for double cones. B
and D show 4c12 labeling for rods. Red, Antibody staining; blue, DAPI staining for nuclei. The central retina is shown in A and B,
whereas C and D show staining within the retinal margin. Note the absence of most Fret43 (i.e., cone) labeling in the central retina
(arrow in A) but a regular palisade of cones near the margin (C). This is consistent with continual generation of cones occurring at
the retinal margin throughout the life of the fish. In contrast, the rods have long outer segments both at the margin and toward
the central retina (D, B, respectively). E and F show a comparison of rod spherules in WT versus pde6cw59 retinas at 3 months using
confocal microscopy. The retinas were stained with the rod-specific antibody 4c12. The white arrow in each panel points to a group
of three spherules. The red-stained spherule surrounds a black (unstained) region that is the invaginating synapse. No obvious
differences were noted between mutant and WT. See Results for cell counts.
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other types of neurons in addition to rods in response to retinal
injury (Fausett and Goldman, 2006; Bernardos et al., 2007; Fim-
bel et al., 2007). The identity of the proliferative cells identified in
our preliminary study will require additional investigation. The
availability of zebrafish mutations that cause rod degeneration
(Morris et al., 2005), or all cone degeneration (this study), or
selective cone type degeneration (Brockerhoff et al., 1997) as well
as cell-selective ablation techniques (Davison et al., 2007;
Pisharath et al., 2007), provide the opportunity to fine-tune our
understanding of signals that induce proliferation and regulate
cell fate determination.

In conclusion, we present a novel zebrafish mutation that
serves as an animal model for a devastating form of blindness,
achromatopsia. This model can be used to dissect the biochem-
istry underlying Pde-deficient photoreceptor degeneration as
well as identify cues in cell fate determination and degeneration.
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