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ABSTRACT: Zebrafish offer a tractable system for
the study of retinal development and degeneration, to
provide insights into human retinal degeneration. We
have begun to dissect the question of neighborhood ef-
fects on photoreceptor differentiation and survival
through the isolation and characterization of mutants
with retinal degeneration. We describe two mutants,
ebony and ivory, isolated through a behavioral screen for
blind mutants induced by ethyl nitrosourea mutagene-
sis. Chimeric analysis was conducted to attempt to res-

cue the photoreceptor degeneration. In ebony, the pho-
toreceptor cell death was both cell autonomous and
nonautonomous in nature, whilst the photoreceptor cell
death was strikingly nonautonomous in ivory. The res-
cue at a distance is in keeping with a putative diffusible
survival factor. We propose a density-dependent nonau-
tonomous neighborhood effect to explain these findings.
© 2003Wiley Periodicals,Inc. J Neurobiol57: 235Ð245,2003
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INTRODUCTION

ZebraÞshare particularly amenableto the study of
photoreceptordifferentiation and survival (Malicki,
1999),complementingthewell-studiedmouseandrat
models.The zebraÞsheyeis largeanddevelopsrap-
idly, andvision canbe easilyassayedby physiology
and behavior.ZebraÞshalso haverich color vision,
with a correspondingcone-denseretina,an important
considerationgiven the clinical dominanceof the
cone photoreceptordegenerationin humans. This
gives a distinct advantageover the rodent models.

Indeed,theevolutionof rodentsto anocturnallytuned
retinais reßectedgenetically.For example,theretinal
guanylatecyclase-activatingprotein, GCAP3, is ex-
pressedsolely in conesin humansandzebraÞsh,but
appearsto havebeenlost in rodents(Imanishiet al.,
2002).

Various forward-geneticscreenshave uncovered
potentialzebraÞshmodelsof retinal degeneration.In
the original Tu¬bingenandBostonlarge-scalescreens
for developmentalmutants(Drieveretal.,1996;Haff-
ter et al., 1996), Þsh with obvious morphological
abnormalitiesbefore day 5 postfertilization (5 dpf)
were identiÞed.Although photoreceptorsurvival, as
such, was not a focus of thesescreens,amongthe
hundredsof mutantsisolated, there were about 50
mutantswith developmentalabnormalitiesof theeye,
suchasan alterationin eyeshape,size,or pigmenta-
tion (Malicki et al., 1996).Someof thosephenotypes
were degenerativein nature.Other retinal degenera-
tion mutantswith morphologicallynormaleyeswere
later revealed based on their impaired visual re-
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sponsesusing behavioralanalysis(Neuhausset al.,
1999).Sincethen,smaller,but morefocused,behav-
ioral and morphologicalscreenshaverevealedaddi-
tional retinal degenerationmutants(Brockerhoff et
al., 1997,1998;Fadoolet al., 1997;Li andDowling,
1997; Link et al., 2000; Brockerhoff, 2001; Doerre
andMalicki, 2002).

Someof the mutantphenotypesresemblediseases
of the humanretina.For instance,eli andßr mutants
(Drummondet al., 1998;Neuhausset al., 1999;Do-
erre and Malicki, 2002) havea combinationof pho-
toreceptorand kidney defect,reminiscentof the hu-
man Senior-Loken and Bardet-Biedl syndromes
(OMIM 266900and209900).Anothermutation,nrc,
hasbeenmappedto chromosome10 in the zebraÞsh
genome.Its phenotypeis strikingly similar to Duch-
enne/Beckermuscular dystrophy (Allwardt et al.,
2001;VanEppsetal.,2001).Eyeandbrainpatterning
defectsseenin glo, nok, andomemutantsmay have
their correlatesin thehumanWalker-Warburg,oculo-
cerebro-renal,and muscle-eye-brainsyndromes,re-
spectively (OMIM 236670, 309000, and 253280).
The nok genehasrecentlybeenshownto encodea
membrane-associatedguanylatekinase-family scaf-
fold protein(Wei andMalicki, 2002).The lak muta-
tion, whichdisruptsabasichelix-loop-helixtranscrip-
tion factor of the Atonal family and results in the
absenceof retinal ganglioncells (Kay et al., 2001),
may underliecongenitaloptic nerveaplasia(OMIM
165550).It is likely thatzebraÞshgeneticswill helpto
unravel some of the pathological mechanismsfor
thesediseases,as it hasalreadydonefor diseasesof
bloodandtheheart(DooleyandZon, 2000;Shinand
Fishman,2002).

A commonphenomenonin humanretinal degen-
erationsis thedegenerationof a secondphotoreceptor
classfollowing the degenerationof the primary cell
class.For example,in manyso-calledrod degenera-
tions,a laterdegenerationof conesmaybeseen(John
et al., 2000).Similar Þndingshavebeenreportedin
variousrodentmodels(Mohand-Saidetal., 2000)and
haveled to the notion that interphotoreceptorsignal-
ing is critical for photoreceptorsurvival.The respon-
siblefactors,however,havenot beenidentiÞed.Their
identiÞcationis importantbecausetheywouldsuggest
a noveltherapeuticrouteto delayphotoreceptordeath
in retinal degeneration.ZebraÞsharean ideal system
to dissectintercellularsignalingmechanismson ac-
countof theiramenabilityto chimeraanalysis(Ho and
Kane, 1990). Studieshave alreadyshown both cell
autonomousandnoncellautonomouseffectsinvolved
in retinalpatterning(Malicki, 1999;Link etal.,2000).
Herewe addressthequestionof photoreceptorneigh-
borhoodeffects in ebony(eby) and ivory (ivy), two
zebraÞshmutantswith uniqueformsof retinaldegen-

eration.We characterizethe distinct mechanismsof
photoreceptorloss in thesetwo modelsby chimera
analysisto answerthe questionas to what type of
signalingis involved in photoreceptordifferentiation
andsurvivalandto proposea density-dependentnon-
autonomousneighborhoodeffect.

METHODS

Mutant Strains

The ivytm271 mutation (Kelsh et al., 1996) was obtained
from theTuebingenstockcenter.Theebys3556mutationwas
discoveredin a two-generationscreenof ethyl nitroso-urea
induced mutations (H. Baier, unpublishedobservation).
ENU mutagenesiswas carried out using previously de-
scribed procedures(Mullins et al., 1994). Mutants were
propagatedby outcrossingcarriersandby reidentiÞcationin
subsequentgenerations.Fish breedingandhusbandrywere
doneaccordingto standardprotocols.

Assessment of the Optokinetic
Response

A 1 cm diameterglassdishÞlledwith 3% methylcellulose
wasplacedon a stationaryplatform surroundedby a rotat-
ing stripeddrum. The drum diameterwas 5 cm and con-
sistedof eight black andwhite stripes,eachsubtendingan
angleof 23¡.TheÞshwereorientedwith forcepssothateach
wasupright,closeto theperipheryof thedishandfacingthe
stripesheadon.Thestripeddrumwasthenrotatedatspeeds
varyingfrom threeto eightrevolutionsperminutein botha
clockwise and counter-clockwisedirection. The Þsh eye
movementswereviewedwith a dissectingmicroscopepo-
sitionedover the apparatus.The Þshwereilluminatedwith
optic Þberlights.

Plastic Sections

EmbryoswereÞxedin 4% glutaraldehydefor 4 h at room
temperatureor overnightat 4¡C. The Þx was washedoff
with 3 ! 10 min changesof 0.1 M Pipesbuffer, pH 7.2.
TheywerethenpostÞxedin osmiumÞx for 1 h (2.5mL 4%
osmium tetroxide, 5 mL 0.2 M Pipesbuffer, 100 ! L of
calciumchloride,2.5mL dH20).ThepostÞxwaswashedoff
with 3 ! 10 min changesof maleatebuffer,pH 5.3,prior to
being placedin bulk stain for 1 h. They were then dehy-
dratedand transferredinto a 50:50 Spurr resin:propylene
oxide mix, then pure resin.Sections(1 ! m) were cut and
stained with a methyleneblue stain preparedfrom 1%
methyleneblue,1% borax,and1% azureII (Sigma),mixed
togetherwith dH20 andthenÞltered.

TUNEL Staining

EmbryoswereÞxedin 4% PFA for 2 h at 4¡C, washedwith
PBS,equilibratedwith 30% sucrose,frozen in OCT, then
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cut into 12 ! m sections.The embryoswerethenpostÞxed
for 5 min in a 50:50 methanol:aceticacid mix at "20¡C.
Sampleswerethenprocessedusingthe ApoptagS7110kit
(IntergenCompany,NY).

Immunohistochemistry

Sectionswerepreparedasabove.Thesewereair dried for
2 h prior to 3 ! 15 min washesin PBT. Thesampleswere
thenblockedfor 30 min in a PBT/5%goatserumsolution.
They were then incubatedfor 60Ð90min at room temper-
ature,or overnightat 4¡C, in primary antibodydiluted in
PBT plus 5% goatserum.The primary antibodywas then
washedoff with 3 ! 10 min changesof PBT. Thesections
were then incubatedfor 60 min in darknessin secondary
antibody(Cy3 or Alexa 488; MolecularProbes)diluted in
PBT plus5% goatserum.Zpr1 (rod), zpr2 (retinalpigment
epithelium,RPE),andzpr3 (doublecone)antibodieswere
usedat1:200dilution, zna1 (ganglioncells),SV (plexiform
layers),andCA (Mu¬ller cells, a gift from Dr PaulLinser)
antibodiesat 1:100. Secondaryantibodieswere diluted to
1:500.

Chimera Analysis

Single cell embryoswere labeledwith lysine-Þxablemi-
niruby biotin and tetramethylrhodaminedextran,relative
molecular weight 10,000 (Molecular ProbesD-3312), in
200 mM KCl, 10 mM HEPES,and 2 mM sodium azide,
usinga picospritzer(GeneralValve) andmicrodrivercon-
nectedto a100! L Hamiltonsyringe.ThesystemwasÞlled
with embryocompatiblemineral oil (Sigma).The optimal
time for transplantationwas from the spherestageto 50%
epiboly. Donor andhostembryoswereof identicalstages.
TheembryowasÞrstmanuallydechorionated.Theembryo
waspipettedontoa coverslip suchthat thedropof embryo
mediumcontainingthe embryowasnestlingagainsta line
of methylcellulose.A donorandahostembryoweregently
positionedwith forceps,sotheyolks lay againstthemethyl
cellulose.Cells were thenaspiratedfrom the vertexof the
donor,thesiteof thepresumptiveeyeÞeld,andtransferred
to thevertexof thehost.Thecoverslip wasthentransferred
to a Petridishandembryomediumadded.Donor-hostpairs
werekeptisolatedandwerecheckedfor thedevelopmentof
a suitable mosaic pattern using a dissectingßuorescent
microscope.At a suitablestage,their optokineticresponse
was assessed,prior to cryosectioningand staining with
eitheraphotoreceptorspeciÞcantibodyor abiotin detection
kit. Biotin-labeleddextranwas detectedby meansof an
immunoperoxidaseprocedureusingtheVectastainABC kit
(Vectorlabs).

Image Processing

The samesettingsand gainswere usedfor taking images
from bothwild-type andmutantembryoson thesameslide.
Imageswere takeneitherusinga Nikon microscopeusing
Improvisionsoftwareor with a Leica laser-scanningconfo-

cal microscope.The Improvision imagesweresavedasan
eight-bitgrayÞleandthenconvertedinto anRGBformatin
Adobe Photoshopto allow the varying brightnessto be
representedin color.All imageswereorientatedandresized
in Adobe Photoshop.Figureswere preparedusing Adobe
Illustrator.

RESULTS

eby Mutants Combine Blindness with
Progressive Paralysis

The ebymutantwasisolatedbasedon absenceof all
visual responsesin our behavioralassays(H. Baier,
unpublishedobservation).The mutation is recessive
andcompletelypenetrant.Homozygousmutantshave
the normal complementof pigment cells, but are
darkerthantheir wild-type siblingsdueto a failure to
adjust the distribution of their melanin pigment to
ambientlight levels[Fig. 1(A,B)]. Theebymutanthas
expanded melanophores(the melanin containing
granules),andso appearsdarker.This visually medi-
atedbackgroundadaptationis a retina-dependentneu-
roendocrineresponse.Its lack is a telltale sign of
blindness(Neuhausset al., 1999).

The underlying reason for their blindness is ap-
parent on sectioning the retina. The eby retina is
devoid of almost all photoreceptors [Fig. 2(A,B)].
Centrally, the outer nuclear layer is absent. This is
the layer that normally contains the photoreceptors.
Peripherally, close to the ciliary marginal zone,
however, elongated cells resembling immature pho-
toreceptors can be detected in Nissl stains and with
speciÞc antibodies raised against rods or cones
[Fig. 2(C,D)]. The ciliary marginal zone is the site
where photoreceptor stem cells normally reside.
Otherwise, the eye is of roughly normal size, and
all retinal layers (except for the outer nuclear layer)
are present.

Figure 1 Appearanceof mutants(A, B, andC) aredorsal
views of day 5 wild-type, eby, and ivy mutant embryos,
respectively.
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The loss of photoreceptors matches the behav-
ioral phenotype: while the wild-type optokinetic
response matures quickly, from weak and variable
beginnings on day 3 after ferti l ization (3 dpf), to a
robust and easily scorable behavior on day 6, eby
mutants show no detectable optokinetic response
at any stage of development (tested between 3 and
10 dpf).

After 4 dpf, eby mutantsalso show a locomotor
deÞcit:they move little and lie on the bottomof the
dish on their sides,althoughthey respondto a touch
on the headby turning 180¡ and swimming away.
This escaperesponseappearsnormal.Thecirculation
and heart beat also appearnormal. By day 7 the
mutantsappearcompletelyparalyzed;their touchre-
sponsehas regressedto a wiggle. On day 9 they
becomeincreasinglyopisthotonic,with a bent tail,
anda day later they die.

ivy Mutants Combine Gradual Loss of
Vision with Hypopigmentation

Therecessiveivy mutantwasÞrstdescribedby Kelsh
et al. (1996)asa mutantwith reducedbody pigmen-
tation [Fig. 1(C)]. In a behavioralrescreen,ivy was
later found to bevisually impairedandto showsigns
of photoreceptordegenerationin Nissl-stainedsec-
tions (Neuhausset al., 1999).On plasticsections,the
ivy mutantretinaappearsinitially normaluntil 4 dpf,
exceptfor a lessdenselypigmentedRPE and occa-
sional denselystaining small roundednuclei in all

retinal layers, characteristicof apoptoticcells [Fig.
2(G)]. By 5 dpf, the RPEappearsswollenwith gaps
appearing,indicative of degeneration.The photore-
ceptor layer is still visible, but is also beginningto
degenerate.By 7 dpf, it is difÞcult to discern any
photoreceptors[Fig. 2(H)]. This is accompaniedby an
increasein cell death in the inner retina. The time
courseof photoreceptordisappearanceis correlated
with lossof visualresponsiveness,asmeasuredby the
optokinetic assay.At 4 dpf, a clear optokinetic re-
sponseis seen,which becomesweakerover the next
2 daysandis absentfrom 7 dpf larvae.Lossof vision
is not acceleratedby raisingthe larvaein bright light,
nor is it slowed down by raising them in the dark.
Someivy mutantsinßatetheir swimbladders,but all
die at around10 dpf.

Photoreceptors Degenerate by
Apoptosis in eby and ivy Mutants

The loss of photoreceptorswas conÞrmedin both
mutants,usingantibodiesagainstdoublecones[Fig.
2(C,D,I)] and rods (datanot shown).It is gradualin
ivy mutantsandmorepervasivein eby. Occasionally,
in 5 dpf ebymutants,positivelystainingcellsareseen
in the central retina, although they are lacking the
characteristic rectangular shape of photoreceptors
(datanotshown).By day7, nocentralstainingis seen
in ebymutants,whereastheperipheralphotoreceptors
appearof normal morphology[Fig. 2(D)]. Photore-
ceptorsappearnormalin 5 dpf ivy mutants,but have

Figure 2 Histologicalanalysis:(A) day7 wild-type; (B) day7 ebymutant.Both40X Nissl stained
sections.The lens is superior,the photoreceptorlayer (PRL) inferior. The long arrow indicates
wherethephotoreceptorsdisappearfrom theebyphotoreceptorlayertowardsthecentralretina.(C)
Day7 wild-type; (D) day7 ebymutant.Both25X. Red:doubleconeantibody.Thearrowheadspoint
to theciliary marginalzones.(E) Day 8 wild-type; (F) day8 ebymutant.TUNEL assay,dying cells
shownasgreen.Both 25X. Arrowheadsindicatethepositionof thewild-type photoreceptorlayer.
(G) Day2 ivy mutant(40X). Arrowheadsindicateoccasionalpyknoticnucleiin theinnerretina.(H)
Day 7 ivy mutant,Nissl stain,40X. (I) Day 8 ivy mutant,doubleconeimmunohistochemistry(red).
(J) Day 8 ivy mutant.TUNEL assay,dying cells shownasgreen.

Figure 3 Chimeraanalysisof eby. In (A) mutantcells havebeentransplantedinto a wild-type
embryo, here viewed at day 6 (40X). The mutant donor cells have been labeled with biotin-
conjugateddextranand then stainedusing a DAB kit (hereappearingbrown). Occasionaldonor
mutantcells form normalphotoreceptors(arrow).However,a morecommonÞndingis anabsence
of cloneextensioninto thephotoreceptorlayer,suchasshownin (B), in which thedonorcellshave
beenlabeledwith animmunoßuorescentmarkerandappearredin theimage.In (C) wild-type cells
(appearingbrown) havebeentransplantedinto a mutantembryo(100X; DAB staining).Normal
photoreceptorsarenot seen.However,(D), which showsa coronalsectionthroughboth eyesof a
singleembryo(10X), in which themajorityof thedonorcellshaveendedup in theleft eye,suggests
a partialrescue,asmoregreenstaining,from a doubleconecounterstain,is seenin theleft eyethan
in theright. (E,F)m, mutant;w, wild type.(E) showsthepercentageof donorcells forming normal
doubleconephotoreceptors,from thosetransplantsanalyzedwith immunohistochemistry(X axis).
Column1, n # 2; Column2, n # 13; Column3, n # 39; Column4, n # 11.
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clearlydegenerated2 dayslater[Fig. 2(I)], with those
remaininghavinglost their characteristicshape.

The natureand time courseof photoreceptorcell
deathwere assessedwith the TUNEL method[Fig.
2(E,F,J);dying cellsappeargreen].Cell deathoccurs
by apoptosis(TUNEL$) and increasesover time.
Apoptoticcellsarealsoseenin theinnerretinaof both
mutantsat 7 dpf. Surprisingly, despitehistological
signsof RPEdegenerationin ivy [Fig. 2(H)], thezpr2
antibodyusedas an RPE markerappearsunaffected
(datanot shown).It is unclearif the degenerationof
the inner retinais a secondaryconsequenceof photo-
receptorloss,or if it is intrinsic to the cells situated
there.Mu¬ller glial cells,which havebeenimplicated
in photoreceptorsurvival, are intact in both mutants,
asaredopaminergicamacrinecells (datanot shown).

Photoreceptor Cell Death Is Both Cell-
Autonomous and Nonautonomous in
eby Mutants

We createdchimeric larvaecomposedof mutantand
wild-type cells to determinewhethereby acts in a
cell-autonomousor nonautonomousfashion. When
cells from an ebymutantdonorwere transplantedat
the blastula stageinto a wild-type host, only very
rarely did the mutant clonescontain photoreceptors
[Fig. 3(A)]. Thetypical Þndingwasa cloneof mutant
cells that extendedup to, but did not include, the
photoreceptorcell layer [Fig. 3(B)]. This Þndingsug-
gests that eby acts photoreceptor-autonomously.
When wild-type cells are transplantedinto a mutant
environment,thenumberof photoreceptorstheyform

is markedlyreducedfrom the numberthat would be
formedin awild-typeenvironment[Fig. 3(C)]. Figure
3(D) showsa coronalsectionthroughboth eyesof a
single mutantembryo.Most of the donor wild-type
cells haveendedup in the right eye.Although mor-
phologicallynormalphotoreceptorshavenot formed,
there is more expressionof the cone marker in the
right eye than in the left eye, suggestinga small
degreeof rescuehas taken place. This Þnding, to-
getherwith the deathof wild-type cells in a mutant
host, suggeststhat there is also a nonautonomous
componentto the ebymechanismof action.

Theseresultsare quantitatedin graphsin Figure
3(E,F). Mutant cells transplantedinto a mutantem-
bryo do not form any photoreceptors(Þrst column).
Approximately 26% of wild-type cells transplanted
into a wild-type embryoform photoreceptors(fourth
column).Approximately11% of mutantcells, when
transplantedinto a wild-type environment,form dou-
ble conephotoreceptors.Similar resultsareobtained
when transplantsare analyzedusing DAB staining
(resultsnot shown).Figure3(F) showsthepercentage
of hostcells forming normalphotoreceptors,in those
sectionswith a clone of donor cells, againanalyzed
with immunoßuorescence(x axis).Thepercentageof
hostcells forming doubleconephotoreceptorsis not
alteredby thepresenceof wild-type donorcells.Vir-
tually no photoreceptorsremainin a mutantembryo,
with the presenceof mutant donor cells again not
makinganydifferenceto this. Thepresenceof donor
wild- type cells doesnot lead to a changein fate of
mutanthostcells.

Figure 4 Chimeraanalysisof ivy. (A) Wild-type cells transplantedinto a mutantembryoform
patchesof pigmentationof normalintensity(arrows).(B) Donormutantcells, labeledwith a biotin
dextran,transplantedinto a wild-type retina.White arrowheadshowsphotoreceptorlayer. Donor
cells canbe seenin the photoreceptorlayer (black arrow). (C) Wild-type cells transplantedinto a
mutant host. There are a few wild- type cells lying adjacentto the pigment epithelium,where
photoreceptorswould normally be expectedto lie. No cells with the characteristicshapeof
photoreceptorsare seen.(D) Eight dpf mutantdonor embryo labeledwith a ßuorescentdextran
(appearingred).Thepigmentationis patchyandthephotoreceptorshavedegenerated(doublecone
counterstainin green).(E) showsthe resultof transplantingcells from this mutantembryointo a
wild-typeembryo,hereshownonday8. Doubleconesareshownin green.Donormutantcells(red)
canbe seenin the photoreceptorlayer. A singlecell with the characteristicelongatedshapeof a
photoreceptoris clearly seen(arrowhead).(F) is a compositeimageof the samesection,with the
greendoubleconecounterstain.Doublestainedcells now appearyellow. In (G) wild-type donor
cells (red)havebeentransplantedinto a mutanthost(imageat 10X). Theembryois 8 dpf. Most of
thedonorcellshaveendedup in the left eye.Here,thesedonorcellsnot only form photoreceptors,
but mutantcellsarebeingrescuedat a distance(arrows).In contrast,thesmallnumberof wild-type
cellsin theright eyeis not formingphotoreceptors[all imagesareat25X, except(C) at40X]. These
resultsarequantitatedin graphs(HÐJ).m, mutant;w, wild-type. Graphs(H,I): Column1, n # 2;
Column2, n # 36; Column3, n # 11; Column4, n # 3; Graph(J): Column1, n # 14; Column
2, n # 15; Column3, n # 4.
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Photoreceptor Cell Death Is
Nonautonomous in ivy Mutants

Wild-type cells are seen forming patches of normal
pigmentation when transplanted into a mutant embryo
[Fig. 4(A)]. With regards to photoreceptor survival, ivy
mutant cells transplanted at the blastula stage into a
wild-type host form normal photoreceptors [Fig.
4(B,F)], demonstrating that ivy acts nonautonomously.
Theobserved rescueby awild-typeenvironment isseen
with isolated mutant photoreceptors, as well as with
mutant cells that are not in contact with wild-type cells,
but are surrounded by other (presumably clonally re-
lated) mutant cells [Fig. 4(B)]. The latter Þnding sug-
gests that a rescuing factor from the wild-type cells acts
at a distance. Conversely, small numbers of wild-type
cellstransplanted into amutant environment do not form
normal photoreceptors[Fig. 4(C)]. However, if thenum-
ber of wild-type donor cells is sufÞciently large then
self-rescue is observed, together with rescue of neigh-
boring mutant cells [Fig. 4(G)].

Figure 4(H) showsthe percentageof donor cells
forming normal double cone photoreceptors,from
thosetransplantsanalyzedwith immunohistochemis-
try (x axis). Mutant cells transplantedinto a mutant
embryo do not form any photoreceptors(Þrst col-
umn).Justunder30% of wild-type cells transplanted
into a wild-type embryoform photoreceptors(fourth
column).A similar numberis seenwhenmutantcells
are transplantedinto a wild-type embryo,that is, the
cells are behavingappropriateto their environment.
Similar resultsareobtainedwhentransplantsarean-
alyzed using DAB staining (resultsnot shown). In
contrast,far fewer wild-type cells form photorecep-
torswhenin a mutant.Figure4(I) showsthepercent-
ageof host cells forming normal photoreceptors,in
thosesectionswith a clone of donor cells, analyzed
with immunoßuorescence(x axis).About 7% of host
cellsform doubleconephotoreceptorsin thepresence
of wild-typedonorcells.Normally,nophotoreceptors
remain in a mutant embryo, with the presenceof
mutantdonorcellsagainnotmakinganydifferenceto
this. However,the presenceof donorwild-type cells
doesleadto a changein fateof hostcells,with some
mutant host cells now forming photoreceptors.We
Þnda clearcorrelationof the amountof rescuewith
sizeof the donorclone[Fig. 4(J)]. Figure4(J) shows
the percentageof host retinal cells that are double
cones,in a mutanthost,(in a sectionthathasa clone
of donorcells), analyzedin threebins corresponding
to the absolutenumberof wild-type donor cells (x
axis).Theresultsshowthatrescueof themutantcells
occurswhena critical numberof wild-type cells are
transplanted.

The rescuingfactor is probablyderivedfrom pho-
toreceptorsthemselves,rather than from the RPE,
because,in our chimeras,photoreceptorsare occa-
sionally seendying beneathpigmented,presumably
normal RPE, and healthy photoreceptorsare occa-
sionally seendirectly adjacentto depigmented,pre-
sumablymutantRPE.Additionally, mutantRPEdoes
not seemto be rescuedby the presenceof a large
cloneof adjacentwild-typephotoreceptors.Neverthe-
less,it is possiblethat the rescuingfactor is derived
from theRPE,or alternativelyfrom innerretinalcells,
in particularMu¬ller cells, althoughMu¬ller cell mor-
phologyappearednormal in mutantretinae.

Underlying Genes Map to Different
Linkage Groups

The ebonygenehasbeenmappedto linkagegroup3
andtheivory geneto linkagegroup20.Finemapping
is currentlybeingundertaken.

DISCUSSION

Mutationsin thezebraÞshgenesebyandivy resultin
distinct forms of RD. As with humanRDs (Changet
al., 1993),photoreceptorapoptosisis evidentin both
mutants.Apoptosisis rarely seenduring normal ze-
braÞshretinal developmentand is extremelyscarce
beyond72 h (Li et al., 2000;Biehlmaieret al., 2001),
so the massivecell deathseenin thesemutantsis
particularly striking. The eby geneproductactspre-
dominantly photoreceptor-autonomously,whilst the
ivy geneproductactsin anextremelynonautonomous
fashionandis sharedwith cells involved in pigmen-
tationin boththebodyandtheRPE.Thetwo mutants
are different from other zebraÞshRD mutantsde-
scribedto date.The degenerationin our mutantsis
restricted to photoreceptorsand to few other cell
types,unlike theextensiveandearlycell deathseenin
most of the earlier found mutants (Malicki et al.,
1996; Fadoolet al., 1997; Brockerhoff et al., 1998;
Neuhausset al., 1999;Daly andSandell,2000).The
itf mutation(Vihtelic andHyde, 2002) resultsin de-
creasedRPE pigmentationand swollen, vacuolated
areaswheretheRPEcontactsthephotoreceptorouter
segments,somewhatsimilar to ivy. However,unlike
ivy, thereis not a generaldefectin pigmentation,and
photoreceptorcell deathis alsonot observed.

In ebymutants,photoreceptordeathoccursquickly
after differentiation.Lossof photoreceptorsis there-
fore completein the centralretina (wherethe oldest
retinalcellsreside).TheONL is absenthereandcone
markersare not expressed.A very small numberof
photoreceptor-likecellsarepresentin theperipheryof
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theeye,wherenewcellsarecontinuallyaddedfrom a
pool of stemcells in themarginalzoneto supportthe
life-long growth of the eye. These cells have the
typical elongatedshapeof photoreceptorsandexpress
the cone marker zpr3. At no point in development,
however,can thesecells supportmeasurableoptoki-
neticbehavior.Althoughwe did not attemptto follow
the fate of individual cells in the margin of the eby
eye,thedynamicpicturethatemergesfrom our snap-
shotsis oneof aquickturnoverof photoreceptorswith
shortlife expectancy.Deathmaytrail the lastmitosis
by only a few hours.Photoreceptordegenerationis
largely, but not completely,cell-autonomousin eby
mutants. A wild-type environment rescuesmutant
cells only to a slight degree;most of the mutant
photoreceptorsdie off quickly. Wild-type cells also
largelydegeneratewhentransplantedinto anebymu-
tant host.This experimentneedsto be viewedin the
context of the results obtainedfrom ivy chimeras,
wherezebraÞshphotoreceptorsareextremelyinterde-
pendent,requiring a critical numberof healthy by-
standersto survive(seebelow).Apoptosismayoccur
if cells fail to differentiateproperly (Parsonset al.,
2002). It is thereforepossiblethat somelate stepof
photoreceptordifferentiation is affectedby the eby
mutation.Alternatively, the cells may developnor-
mally, but function inadequately.Numerousformsof
humanRD aredueto mutationsof componentsof the
phototransductioncascade.Theebygenemayencode
for ageneinvolvedin functionor a latedifferentiation
stepof photoreceptors.

In ivy mutants,the onsetof photoreceptordegen-
eration is more gradualthan for eby and is delayed
into early larval stages.Optokineticbehavioris still
detectablein younglarvae,but fadesin older larvae.
Loss of photoreceptorsseemsto roughly coincide
with degenerationof the RPE (althoughthe RPE is
hypopigmentedearly on, long before cell death is
observed)andprecedesdegenerationof the inner ret-
ina. Therearereportsof a trophic interdependenceof
RPE and photoreceptors(Hewitt et al., 1990).Thus,
giventhattheRPEandotherpigmentcellsin thebody
arepalein ivy mutants,we investigatedwhetherpho-
toreceptorsdie becausethey lack support from the
RPE. However, in our chimerascomposedof wild-
type andivy cells,we observedthat the degeneration
of the photoreceptorswas not directly relatedto the
presenceor absenceof adjacentpreservedRPE.Dy-
ing photoreceptorswereseennextto healthy-looking,
black RPE, and normal photoreceptorswere found
closeto pale, mutantRPE. The ivy mutation,there-
fore, appearsto eliminatea factor that is essentialfor
both melanin formation and RPE survival, but this
factor is also important for photoreceptorsurvival
independentof its RPEfunction.

Whenivy mutantcellsaretransplantedinto a wild-
type host, then genotypicallymutantphotoreceptors
are nonautonomouslyrescuedby the presenceof
neighboring wild-type photoreceptors.Conversely,
wild-type donorcells graftedinto a mutantretinado
not form healthyphotoreceptorsif the donor clones
aresparse.However,if thecloneof wild-type cells is
sufÞciently large, not only do the wild-type cells
maintainthemselves,they also preservemutanthost
cellssurroundingthem.This thresholdeffectsuggests
that the ivy-dependentsignaling pathwayrequiresa
critical numberof healthyphotoreceptors.Therescue
effectworksovera distanceof severalcell diameters
and may extendto the entire mutant retina given a
largeenoughwild-typeclonesize.Theseobservations
arestrongevidencefor theexistenceof a photorecep-
tor-derived,secretedfactor, which diffuses,or is re-
layed,overa long range,andwhoseabsenceleadsto
retinal degeneration.The ivy gene is predicted to
encodethe factor itself, or a proteinnecessaryfor its
production.

Thecell-autonomyresultsaresummarizedfor both
mutantsin Figure5(AÐD).Figure5(D) schematically
depictsa possiblemechanismby which ivy exertsits
density-dependent,nonautonomouseffect. The inter-
dependenceof photoreceptors,revealedby ivy/wild-
type chimeras,may explain the mixed autonomous/
nonautonomousmechanismseenin theebychimeras.
Wild-type cells died in a mutant environment,be-
causein our experimentsthewild-type clonesdid not
exceedthe critical size. Mutant cells always died
(becauseof the cell-autonomyof eby), albeit more
slowly in a wild-type host.Thus,thenonautonomous
componentof eby may be attributableto absenceof
the ivy pathway in a photoreceptor-deÞcientretina.
Although this appearsto be the most parsimonious
model,the existenceof an additionalsecretedfactor,
dependenton ebyfunctionbut independentof the ivy
pathway,cannotbe excludedat this point.

The observationsof photoreceptor interdepen-
dence and community effects on survival are not
without precedentfrom studiesin mammals(Hewitt
et al., 1990;Mohand-Saidet al., 2000,2001;Sahelet
al., 2001).For example,transgenicmiceexpressinga
dominantrhodopsinmutationundergoa photorecep-
tor degenerationthat is slowedin wild-type/chimeric
animals,andselectivetransplantationof rod photore-
ceptorsmay help maintainconesurvival in the RD
mouse(Mohand-Saidet al., 2000),reafÞrminginter-
dependenceof rodsandcones.Indeed,if onephoto-
receptorsubtypeshoulddegeneratedue to a speciÞc
abnormalityin that photoreceptor,a slowerdegener-
ationof theÒnormalÓphotoreceptorclassmayfollow
dueto lossof someputativesurvivalfactor.Onesuch
factor is bFGF, which has beenshown to slow the
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progressionof theretinaldegenerationin theRCSrat
(Faktorovich et al., 1990). Similarly, coculture of
normal retinal explantswith transgenicmutant ex-
plants decreasesthe degenerationon accountof an
unknownfactor that can diffuse througha Þlter (St-
reichertet al., 1999). Our analysishas revealedthe
existenceof communityeffects,essentialfor photo-
receptorsurvival in zebraÞsh,which appearto be
sharedbetweenall vertebrates.
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