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Summary

Recent studies on vertebrate eye development have focusedfate has been demonstrated. We show thaHB1 plays a

on the molecular mechanisms of specification of different
retinal cell types during development. Only a limited

number of genes involved in this process has been
identified. In Drosophila, BarH genes are necessary for
the correct specification of R1/R6 eye photoreceptors.
Vertebrate Bar homologues have been identified and are
expressed in vertebrate retinal ganglion cells during

crucial role in retinal cell determination, acting as a switch
towards ganglion cell fate. Detailed expression analysis,
animal cap assays and in vivo lipofection assays, indicate
that Xbhl acts as a late transcriptional repressor
downstream of the atonal geneXath3and Xath5. However,
the action ofXbh1on ganglion cell development is different
and more specific than that of the Xath genes, and accounts

differentiation; however, their retinal function has not yet
been addressed. In this study, we report on the role of the
Xenopus Bar homologue Xbhl in retinal ganglion cell
development and its interaction with the proneural genes
Xath5 and Xath3, whose ability to promote ganglion cell

for only a part of their activities during retinogenesis.
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DrosophilabHLH geneatonal necessary for differentiation of

Introduction
Retinal ganglion cells (RGCs) derive from a pool of virtuallyf‘he first fly photoreceptor, R8, start to be expressed in RPCs

identical multipotent retinal progenitor cells (RPCs) (Holt etlust beforg the onset of dlffergentlauon of RGCs, the first cell
al., 1988; Turner et al., 1990; Wetts, 1988). RPCs differentiatd/Pe born in the vertebrate retina (Brown et al., 1998; Kanekar
according to an ordered spatiotemporal pattern, largel t al., 1997; Liu et al., 2001; Masai et al., 2000; Perron et al.,
conserved among vertebrates: ganglion cells are born first999). In Xenopus both atonal-related factors, Xath3 and
followed by cone photoreceptors, horizontal and amacriné@th5, can promote ganglion cell fate when overexpressed in
cells, whereas rod photoreceptors, bipolar and Miiller cells af@€ retinal primordium, suggesting that they are intrinsic
born last (Cepko et al., 1996; Stiemke and Hollyfield, 1995)determinants of this cell type (Kanekar et al., 1997; Perron et
Recent evidence supports the hypothesis that the commitmeHt: 1999). In fact, loss-of-function analysis both in mouse and
towards specific cell types occurs very early in RPCs (Lillienzebrafish demonstrated the requirement of a functiatied
1998; Marquardt and Gruss, 2002; Marquardt et al., 2001). Agtoh7 — Zebrafish Information Network) gene for ganglion
any given time of retinal development, each RPC expressé¢ll fate specification (Brown et al., 1998; Kay et al., 2001;
different repertoires of transcription factors (Perron et alWang et al., 2001). Despite th&thS may not act as a unique
1998), which are thought to provide the cell with the intrinsidntrinsic determinant of RGCs. In faeth5expression is found
competence to respond appropriately to external stimuli and {8 @ wider population of RPCs than that fated to become
differentiate toward particular cell fates (reviewed by Liveseyganglion cells (Kanekar et al., 1997; Masai et al., 2000; Perron
and Cepko, 2001). Several transcription factors that are able & al., 1999; Yang et al., 2003). Besides, forced expression of
bias RPCs towards specific cell fates have been isolatedurineath5(Atoh7— Mouse Genome Informatics) Xenopus
(Livesey and Cepko, 2001; Marquardt et al., 2001; Vetter anBPCs is able to promote bipolar rather than ganglion cell fate
Brown, 2001). Increasing evidence for similarities in retinal(Brown et al., 1998). Moreover, Ohnuma et al. (Ohnuma et al.,
development between vertebrates &mdsophilahas been of 2002) have recently shown that whefenopus XathSs
crucial importance for starting to unravel the genetic pathwaysiisexpressed in RPCs together with factors enhancing
regulating ganglion cell fate specification in vertebrategproliferation, it no longer promotes ganglion cell fate but
(Kumar, 2001; Masai et al., 2000; Neumann and Nuessleifavours later retinal fates. Similarly, whath5is misexpressed
Volhard, 2000). Transcription factors homologous to thdén late RPCs both irXenopusand in chick, its ability to
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promote early cell fates decreases (Matter-Sadzinski et aR0P02). This finding suggests that vertebrate BH1 is involved in
2001; Moore et al., 2002). Finally, the neurogenic geaeh ~ RGC type specification. Here, we show tKah1expression
regulates the ability ofXath5 to promote ganglion cell follows and overlaps the dorsoventral wave ¥hath5
differentiation, by modulating in time and space the relativeexpression during retinal neurogenesis. In the CMZ of the
levels of Xath5 activity in the retinal precursors (Moore et al.mature retinaXbhZltranscripts were found in the central-most
2002; Ohnuma et al., 2002). These data altogether strongbart containing early postmitotic precursors that are about to
suggest that additional factors are required for propeundergo the differentiation process. We also provide functional
specification of ganglion cell fate (reviewed by Vetter anddata strongly supporting a role f¥bhlin promoting RGC
Brown, 2001). fate. In addition, we find thakbhl both enhances and is
Potential factors acting downstream Afh5 to specify required for the ability ofXath5 to bias retinal precursors
ganglion cell fate are the POU-domain transcription factorsoward ganglion cell fate. Our data suggest Xiatlacts in a
Brn3, expressed in postmitotic precursors and in differentiatingenetic pathway downstream Xath5and upstream ofbrn3
RGCs (Hirsch and Harris, 1997; Hutcheson and Vetter, 2001n the regulation of RGC development.
Perron et al., 1998; Xiang et al., 1995). All Brn3 factors are
able to promote ganglion cell fate in the chick (Liu et al., 2000). )
In Xenopus both Xbrn3.0and Xbrn3dare activated bxaths ~Materials and methods
in the whole embryo or in the animal cap assay (Hirsch angenopus laevis embryos
Harris, 1997; Hutcheson and Vetter, 2001; Perron et al., 1998)anopugemales were pre-injected with 100 units of pregnant mare
Similarly, forced expression of both chick and moAsie5in  serum gonadotrophin (Folligon, Intervet) 4-11 days prior to egg
RPCs is able to activatBrn3cexpression (Liu et al., 2001), collection, and with 800-1000 units of human chorionic
further corroborating the hypothesis that Brn3 genes agionadotrophin (Profase HP 2000, Serono) the night before collection.
downstream ofAth5to bias retinoblasts toward ganglion cell Eggs were fertilized with testis homogenates and cultured in
fate. However, targeted disruption of the POU g&ne3b  0.1xMMR (0.1 M NaCl, 2 mM KCI, 1 mM MgS@ 2 mM CaCj, 5
(Pou4f3)in the mouse does not affect retinal specification, buf"M HEPES, 0.1 mM EDTA). Jelly coats were removed in 3.2 mM
rather blocks terminal differentiation of a subset of RGCsPTT: 0-2 M Tris (pH 8.8). Embryos were staged according to
causing them to die (Gan et al., 1996; Xiang et al., 1998). Th%leuwkoop and Faber (Nieuwkoop and Faber, 1967) and fixed in

. EMFA (100 mM MOPS (pH 7.4), 2 mM EGTA, 1 mM Mg$0
suggests that Brn3 factors may instead play a later role ¥z, formaldehyde) for 1 hour at room temperature (RT) or overnight

differentiation and survival of subsets of RGCs. at 4°C, dehydrated in ethanol and stored at —20°C for subsequent
In the present work, we addressed the function of thejstological examination or whole-mount in situ hybridization.

Xenopus BarH1 homeobox geneXbhl during RGC

differentiation. Vertebrate Bar homeobox genes are related t9 situ hybridization

Drosophila BarHlandBarH2 genes. Mutations in these genesWhole-mount in situ hybridization was performed as described by
result in the suppression of the anterior part of the eydarland (Harland, 1991). Standard RNA synthesis from linearized
(Higashijima et al., 1992a; Kojima et al., 1991). Both genes ad¥asmids using SP6, T7 or T3 RNA polymerases were carried out

in a redundant way, and are necessary for the Corregg/‘orporating a digoxigenin (DIG)- or fluorescein-substituted

nponucleotide. Alkaline phosphatase detection was performed with
dﬁyeloEment Oft th? exltgrgnzag Selnsogdgrgansh'?nd the e -purple. For histological examination, stained embryos were
(Higashijma et "al., ). In Drosopniia €ye, — yashed in %PBS several times, equilibrated in sucrose 30% (in
BarH1l/BarH2 are necessary for the dlf_“ferentla_tlon of thelxpBS) and cryostat sectioned at the thickness qfr80
external photoreceptors (R1/R6) and primary pigment cells, |n situ hybridization on sections was performed using the same
where they are regulated by two other transcription factorssrotocol but with the following modifications: rehydrated sections
lozeng€(lz), which modulates the expressionB#rH1/BarH2  were fixed to slides using 100% methanol for 10 minutes, then rinsed
in R1/R6 precursors; angparkling (spa; shavep sv —  in 1xPBS for 2 minutes and washed 3 times for 5 minutes in PBST
FlyBase), a homologue of mammalif@ax2 necessary for (PBS+0.1% Triton)..Sections were treateq withp@@ml proteinase
BarH1/BarH2 expression in the cone and primary pigment celK for 30 seconds with subsequent wash times reduced by half.
precursors (Daga et al., 1996; Fu and Noll, 1997). In the. For double insitu hybridization, sections were hybridized
developing notumBarH1/BarH2 genes are regulated by the simultaneously with both a DIG- and a fluorescein-labeled probe

under standard conditions. After detection of the first probe with BM-

secreted factors decapentaplegic and wingless, and exert th&]ll;’ple, the alkaline phosphatase was inactivated in 100 mM glycine

function by modulating the proneuralchaete-scuteyenes  (ph 2.2) and 0.1% Tween-20, then the sections blocked in MAB [100
(Sato et al., 1999). Mammalian homologues of BarH genesam maleic acid, 150 mM NaCl (pH 7.5)] and Blocking Reagent
MBH1 andMBH2 (Barhl2 and Barhl1, respectively — Mouse supplemented with 20% lamb serum. Following incubation with the
Genome Informatics, Human Gene Nomenclature Databasegcond antibody, the alkaline phosphatase reaction was performed
have been isolated and show similar but not identicalith Magenta-Phos (Sigma).

expression patterns in the central nervous system and retipa .

(Bulfone et al., 2000; Saito, 2000; Saito et al., 1998). Though/P°fections , , . ,

recent data show tha¥iBH1 acts in the specification of DNA isolated by Qiagen maxi preps was diluted in nuclease-free

. : : ater to a concentration of 1gy/ul. These stocks were spun down
commissural neurones in the dorsal Sp"?a' cord (Saba et a}it\{)r at least 10 minutes at 4°C before use. Each construct (1 pl) was
2003), the role of Barelated genes in vertebrate eye

. . . mixed with 1 pul pCS2GFP (green fluorescent protein) DNA to label
development has not been investigated. SimilaM®BH1,  ansfected cells. pPCSTFP with pCS2 vector alone was used as
Xenopus Xbhhnd medak®IBar are expressed in the retina the control. DOTAP (9 pl; Roche) was added tug DNA and

in a spatiotemporal pattern that appears to follow thenjected into the eye presumptive region of stage 17-18 or stage 25-
differentiation of RGCs (Patterson et al., 2000; Poggi et al26 embryos. At stage 42, embryos were fixed in 4% paraformaldehyde
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for 1 hour at room temperature, sunk in 30% sucrose overnight at 4 CGAAGATGGGGAG (reverse)Xbrn3.0 TTGATCTCTACCTCGG-
and cryostat sectioned (10n). Samples were rehydrated with two CCCAT (forward) and TGAGTCGCAGATAGACGCCAA (reverse);
washes of £PBS for 5 minutes, mounted in FluorSave (CalBioChem)Xbrn3d GATGACACTTTGCTTAGAGGA (forward) and GCCAT-
containing 2% DABCO (Sigma) and dried overnight at roomGTGGTTAATGGCTGA (reverse)Xath3 GAGAGGTTCCGTGTC-

temperature. CGTAG (forward) and GCTTGTTGGCTGAGAAAGACC (reverse);
) and Xath§ ATCGTTACCTGCCCCAGACT (forward) and CTT-
BrdU experiments GGCTTTTCCAGTGTTCC (reverse)ODC primers were from

Stage 42 embryos were injected with BrdU (5-brorho-2 Bouwmeester et al. (Bouwmeester et al., 1996). PCR conditions were
deoxyuridine, Roche) in the gut, fixed 1 hour later and cryostaas described by Hutcheson and Vetter (Hutcheson and Vetter, 2001),
sectioned. In situ hybridization was performed orufi sections as  except forODC (Lupo et al., 2002).

follows: DIG-labelled probes (2 ng/ml in hybridization buffer)

(Shimamura et al., 1994) were heated to 70°C for 10 minutes and thﬁesults

incubated on sections at 60°C overnight. The rest of the protocol was

performed as previously described (Myat et al., 1996). FollowingKbhl expression in the retina follows the

NBT/BCIP reaction, sections were stained for BrdU. To do thisspatiotemporal wave of Xath5 expression

sections were washed with 2 N HCI for 45 minutes then neutralizegq | cidate in detail howbh1expression is related to retinal

with several PBST washes. The anti-BrdU antibody (MOIecmarr}eurogenesis in time and space, we compared its expression

Probes) was added at 1:10 dilution and incubated at 37°C for: . - .
30 minutes. After three changes of PBST, Cy3 goat anti-mous¥ith that of XathS Xath5 expression starts in the retina at

(Chemicon) secondary antibody was added at 1:500 dilution ar@found stage 24, preceding the reported onset of retinal
incubated for 30 minutes at 37°C. The samples were washed thrélifferentiation (Holt et al., 1988). Expression is initially
times with PBST and stained with 1/ul Hoechst solution for 3 present throughout most of the neural retina, but displays a
minutes at room temperature, to visualize nuclei. After three finalorsal to ventral gradient that is consistent with neurogenesis
washes in PBST, sections were mounted in FluorSave (CalBioChergbmmencing slightly earlier in the dorsal retina than in the
containing 2% DABCO. ventral retina (Fig. 11,J, and data not shown) (Holt et al., 1988;
Kanekar et al., 1997; Perron et al., 1998). When RGC, inner

DNA constructs X
nuclear, and photoreceptor cell layers become distitaih5

A partial open reading frame &bhlcloned in pPGEM3Z vector was : . : : :
kindly provided by Dr P. Krieg (University of Texas), lacking the first expression is downregulated in differentiated neurones, but

two codons at the N-terminal domain. The two missing codons we mains in the ciliary marg'”’c_" zone (CMZ), where retinoblasts
restored by performing a RT-PCR reaction on cDNA from stage 38/€ generated throughout life (Fig. 1H,K,L) (Perron et al.,
Xenopuembryos. A forward primer (AGAATTC TTGTGTCTGA-  1998; Wetts et al., 1989Xbhlexpression in the retina is first
ACTGGA), with an additionalEcoR| site, and a reverse primer detected in the dorsal inner optic cup around stage 26-27,
(CGGTTCCATAGTGACTGATAT) were used to amplify a region shortly after the onset ofathS5expression (Fig. 1A,E, and data
spanning from nucleotide (nt) —24 to nt 265 of the publiskiedl  not shown), and subsequently spreads from dorsal to ventral
open reading frame (ORF) (Patterson et al., 2000), contairfiaga  (Fig. 1B,F) until it covers the entire retina (Fig. 1C,G), thus
:ﬁ;ter's‘iggnasn'ge gtc)?lte(zjzii{tpgé &essf%ﬁufniﬁrﬁae%mﬁi?ﬁm|/ Saildd following the wave of retinal differentiation (Holt et al., 1988).
Sad, thereby restoring the complete OR®h1full-length ORF was gts'ﬁ;%%exgﬁlghg gtégfeéhirﬁ ?hrgzlgngﬂ)nnalcgﬁnl ;%?,r?nb;gr?]r:e

afterwards subcloned into tfieeoRI/Xba site of pCS2. ttered cells in the i tofthe i | | INL
The Xbh1Vpl6construct was generated by PCR cloning by inSCattered cells in the inner part of the inner nuclear layer (INL),

frame fusion of arkbh1fragment spanning the N-terminal domain, @nd also in the most central part of the CMZ (Fig. 1G). At stage
the two FIL peptides and the homeodomain (AA residues 1-282), int82, Xbhlexpression is almost completely restricted to cells of
the Clal site of pCS2/VP16 (Kessler, 1997) (primers used: forwardthe central differentiated ganglion cell layer, and to the central
CCATCGAT GAATTCTTGTGTCTGAACTGGA, reverse, CATC- CMZ; a few cells in the INL also showed expression (Fig. 1H,
GATATAATTGCCGGCTTCGGCTAG). and data not shown). At stage 42, double in situ hybridization

TheXbh1EngRwas constructed by in-frame PCR cloning (forward, shows expression ofbhland Xath5in the central most part
AAGAATTC TTGTGTCTGAACTGGA,; reverse, CGAATTC AA- of the CMZ (Fig. 1H,L). High magnification of these sections
TAATTGCCGGCTTCGGCTAG) of the samétmlfragment (AA 1- shows that, in Spite of some SUperpOSitim,hl does not

282) into theEcadRl site of pCS2/EnR (Kessler, 1997). extend as far peripherally aXath5 (Fig. 1M-Q). Xbhl
Microinjection of in vitro transcribed mRNA expression in the CMZ is also more central than that of

Capped synthetic MRNAs were generated by in vitro transcription okNotchl predominantly restricted to proliferating cells
linearized plasmids using SP6 or T7 Cap Scribe kits (Roche). FdPerron et al., 1998; Ohnuma et al., 2002) (data not shown).
animal caps experiments, 250-1000 pg of mRNKlaii1, Xbh1EngR  Interestingly, a few cells of the ventral-most central retina still
Xbh1VP16 Xath3 Xath5andXneuroDconstructs were injected into express botiXathSandXbh1(Fig. 1H,L; arrows). These cells
the animal region of 2-cell-stage embryos, using a Drummongnay be in a similar commitment state as those co-expressing
‘Nanoject’ apparatus. Embryos were injected inxMMR and 4%  the two genes in the CMZ, and may reflect the delay in
i‘ﬁi‘;ﬂar‘ggbsa\:‘v‘irgutggfgisos"eegt”e'gh;t iaé‘g’g emdtg?ovsvir?g S?ggué'%ﬁigerentiation in the ventral retina with respect to the dorsal

. ' ina (Grant and Rubin, 1980After stage 42, when
ghm“g?ﬁgpt’s‘?f;ﬁinpgoggﬁ%% u’;ggg&vﬁ‘i rﬁ&fﬂc’grms for Stag'ngdifferentiation_occurs almost exclusively in the CNkbhlis

also progressively downregulated in the ganglion cell layer, but

RNA extraction and RT-PCR analysis persists in the CMZ (data not shown) (Patterson et al., 2000).
RNA extraction and RT-PCR were performed as described in Lupo et Thus, both in the retina and in the CM#Zhh1 expression
al. (Lupo et al., 2002). Primers used were as folloXbhi, strictly follows, in time and space, the dynamicsXafth5
ATGGAAGGATCCAGCTTTGGGATA (forward) and GATATGGG- expression.



2308 Development 131 (10) Research article

Xbh1 is expressed in postmitotic retinal precursors differentiation process are found in the central-most part of the
in the central CMZ CMZ. Consistently, genes expressed early during neurogenesis
The expression oKbhlin the retina is reminiscent of the are expressed in the peripheral-most region of the CMZ,
dorsoventral pattern of neurogenesis, but starts at slightly lateihereas later genes are expressed more centrally in the CMZ
stages than has been reported for the onset of retin@erron et al., 1998). We focused Xhh1l expression in the
differentiation (Holt et al., 1988; Stiemke and Hollyfield, CMZ more in detail, and determined its temporal expression
1995). The CMZ recapitulates in cellular and molecular termsvith respect to retinal neurogenesis, uskath5and BrdU

the temporal sequence of retinal differentiation, and can bi@corporation as molecular landmarks. Within the CMZth5
roughly subdivided into three main regions (Perron et al., 19983 expressed in a region containing cells in transition between
(Fig. 2A): the peripheral-most region harbors the youngegtroliferating and postmitotic retinoblasts (Perron et al., 1998)
proliferating retinal stem cells; the undetermined proliferatingsee Fig. 2A).

retinoblasts are located more towards the center; and To determine whether cells expressifithlin the CMZ are
postmitotic retinoblasts that are about to undergo theroliferating or postmitotic retinoblasts, we performed BrdU
incorporation experiments to compare
BrdU-positive proliferating cells with
Xbh1 and Xath5expressing cells. We
therefore injected BrdU into the
abdominal region of stage 41 embryos,
and then fixed them after 1 hour to
process them for BrdU immunodetection
and in situ hybridization. Most ofbh1-
expressing cells did not overlap with the
BrdU-positive ones in the CMZ,
suggesting thaXbhlis predominantly
expressed in postmitotic cells (Fig.
1P,Q). However, at the peripheral
boundary of the Xbhlexpression
domain, some cells were positive for
both BrdU andXbhl We found that
among BrdU-positive cells about 12%

|
|

Fig. 1.(A-L) Xbhlexpression during retinal
development. In situ hybridization with
either aXbh1(A-H) or aXath5(H-L) probe
on Xenopusembryos at stage 28 (A,E,l), 33
(B,FJ), 38 (C,G,K) and 42 (D,H,L),
respectively. (A-D) Lateral views of
embryos after whole-mount in situ
hybridization (anterior is on the left).

(E-L) In situ hybridization on transversal
retinal sections. The red hatch (G)
delimitates the ciliary marginal zone (CMZ)
and the three main retinal layers (ONL, outer
nuclear layer; INL, inner nuclear layer;
GCL, ganglion cell layer). (H) Cross section
of a retina from a stage 42 embryo analyzed
by double in situ hybridization, showing
Xbh1(purple) andXath5(red) expression.

(L) The same section as in H showikgth5
expression alone. The yellow bracket
indicates the region whekath5andXbh1l
expression overlaps in the CMZ; the yellow
arrow indicates co-expressionXibhland
Xath5in INL cells. (M-O) High
magnification of CMZ following double in
situ hybridization shows expressionxiihl
(M), Xath5(N), or both (O).

(P,Q) Combined BrdU staining (green) and
in situ hybridization (blue) performed on
adjacent sections of a stage 42 retina with a
Xbh1(P) or aXath5probe (Q). Arrowheads
show two identical nuclei stained on
adjacent sections.
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(109/881) expres¥bh1mRNA. In adjacent sections from the overlaps Xbh1 expression in the CMZ (see also Fig. 2A),
same retinaeXath5expressing cells amounted to about 20%suggests a possible regulatory interaction. We used the animal
of the BrdU-positive cells (42/217), and were more peripheratap assay to investigate whetbdahlcan be transcriptionally

than those expressingbhl (Fig. 1P,Q). In summaryXbhl regulated byKath5 One-cell-stage embryos were injected into
expression in the CMZ follows and partially overlaps that othe animal pole with 1 ng ofathS RNA. Animal caps were
Xathj it is found in some proliferating retinoblasts, but iscut at blastula stage, harvested at stage 28, and processed for

predominantly located in postmitotic retinoblasts. RT-PCR assays to detect possible activatioXlafil, and of

) o the ganglion cell markerXbrn3.0 and Xbrn3d the earliest
Xath5 is able to regulate  Xbh1, which in turn markers of RGCs, known aXath5 downstream genes
regulates Xbrn3 genes (Hutcheson and Vetter, 2001; Perron et al., 1998%h5is able

The fact thatXath5 expression precedes and later partiallyto activateXbhl, Xbrn3dandXbrn3.0transcription in injected
animal caps, whereas none of these genes was transcribed in

' ' control caps (Fig. 2B). We also found théith3is able to

A : activate Xbh1, as well asXbrn3.0 and Xbrn3d (Fig. 2B).

Interestingly, injection of 500 pg &fneuroDMRNA, although

able to triggerXbrn3din animal caps (Hutcheson and Vetter,

2001), was not able to activatbhlexpression (Fig. 2B). This

proliferating suggests thatbhltranscription may be specifically controlled
relincii by atonal-like factors, but not by any bHLH factor.
retinal o To test whetheXbhl could activateXbrn3.0and Xbrn3d,

stem cells

we injected 1 ng of RNA encodingbhl into 1-cell-stage
embryos and assayed for the expressioXlmin3 genes in
stage 28 animal caps. We found thébhl triggers both

X-Notch-1 Xbrn3.0andXbrn3dtranscription in animal caps (Fig. 2C). We
—p also tested whetheXbhlwas able to activatXath5 and/or
Xath5 Xath3in animal caps. We found thatbhl does not activate
it Xath5 but does activat&ath3transcription (Fig. 2C).
+—> Xbh1 promotes ganglion cell fate and represses
XBrn3.0 photoreceptor cell fate in early RPCs
— . .
The expression pattern and the results of the animal cap assay
suggest thaXbhl may be involved in the specification of
B ® & k) RGCs. To investigate this, we lipofected a pCS2 DNA
& & & P \xz"" construct encodingXbhl, together with a similar construct
& &P S encoding GFP, into the presumptive eye region of stage 17-18
xeH1 === I —— embryos (Holt et al., 1990). We subsequently analyzed the
progeny of early transfected cells in retinae of stage 42
xBrm3.o SR EESE= embryos, when most cells in the central retina are postmitotic
XBrn3d i I e and fully differentiated (Holt et al., 1988; Stiemke and
ODC I e —— Hollyfield, 1995). Compared with controls, retinae lipofected
with Xbh1l cDNA exhibited a significant increase in the
percentage of RGCs, together with a significant decrease of
C ® G@,Q‘E’ photoreceptor cells (Fig. 3A-C). No significant variations in the
<& (@' e;b" frequency of other cell types were observed instead.
& S P Significantly, XbhZXlipofected cells in the RGC layer showed
Xath5 3 N . GFP-labeled axons clearly extending into the optic nerve,
Xath3 23 I B demonstrating that they are indeed ganglion cells (Fig. 3D).
XBrn3.0 ==
XBrn3d ik = Xbh1 enhances proneural function in promoting
ODC = e — ganglion cell fate
The finding that both atonal genes can activaiehl
Fig. 2. (A) Representation of the domainXiphlexpression in transcription in animal cap assays, and tkbh1l promotes
comparison with those of other genes used as morphogenetic ganglion cell fate, raised the possibility that co-expression of
landmarks of different regions of the CMZ and central retina. both Xath5(or Xath3 andXbh1may lead to a further increase

(B) Xbhlis positively regulated bjtath3andXath5 but not by

XneuroD RT-PCR was performed on animal caps injected with 1 ng . . .
of eitherXath3or XathSmRNA, or with 500 pg oKneuroDmRNA. with Xbh1together with eitheXath5or Xath3and analyzed

Uninjected animal caps (uninj. caps) and stage 28 whole embryos _retlnas at stage 42. When Ilpofected_ aloXaths $trongly

(WE st. 28) were used as negative and positive controls, respectiveliicreases the proportion of RGCs while decreasing late born
Xbrn3.0andXbrn3dwere used as positive control markers. X6h1 ipolar cells (Fig. 4C; Fig. 6A,D; and data not shown)
mRNA injection (1 ng) is able to activate Xbrn3 genesXath3 (Kanekar et al., 1997; Moore et al., 2002; Ohnuma et al., 2002).
but notXaths Retinae lipofected withXath3 display an increase in the

in RGCs. Therefore, we co-lipofected stage 17-18 embryos
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Fig. 3.(A-D) Xbhlpromotes ganglion cell differentiation in ‘%9\\& @\\" @\\@ ‘@\V

lipofection experiments. Retinal precursors lipofected with
GFP+vector DNA alone (B), or witlsFP+Xbh1(C,D). Retinal
layers are separated by dashed lines (B,C) and are indicated in B a

follows: GCL, ganglion cell layer; INL, inner nuclear layer; ONL, Xath3-Xbh1+GFP. (C,D) Percentage of RGCs (C) or photoreceptors

outer nuclear layer; |, lens. (A) Distribution of retinal cell types in : . B . - ;
lipofected clones. Ph, photoreceptors; H, horizontal; B, bipolars; Am(D) in retinae lipofected witGFP-+pCS2vector, or withGFP in

amacrine; G, ganglion; M, Muller. The proportion of each cell type Comk:)alggi(tkl)?‘ri\_/rvghthl x?thS Xath5t+)t<‘bh1;(ath3hor It
is represented as averagexs.e.m. The experiment has been repeat € percent representation or each cell type was
least three times for boBFP andXbhL In the experiment calculated as the averagets.e.m. Counted cells we2625 cells

_ ; _ from six retinae foGFP; n=2908 cells from six retinae fotbhl;
represented here=3907 cells from 26 retinae f@FP, andn=2799 - S . .
cells from 25 retinae foXbhl Asterisks represent significant n=1087 cells from 10 retinae fofaths n=1375 cells from 11 retinae

differences betweeXbhlandGFP, as calculated by Studentsest ;or Xat_h?:[-thhl n_fzilfhf;ir;‘(bsﬁf gr_l rg;!naetfg_:fafth?; andnal40%
(*P<0.05, **P<0.01, ***P<0.001). (D) Lower magnification image drom €9 dreblnae oxa Vsi f'gn' icant ci ergnces . ﬁvi een
of section shown in C; GFP-positive axons extend into the optic etermined by one-way analysis of variance (ANOVA) with the
nerve (arrows). Tukey-Kramer Multlp!e C_:pmparl_sons Test as a post-test. Black
asterisks represent significant difference$?g€®.01, ***P<0.001).

gig. 4. Xbhlenhances the RGC-inducing abilityaitbnalrelated
genes. (A,B) Retinas lipofected wikath3+GFPor

number of RGCs, together with an increase in the number of

photoreceptors, as previously described (Fig. 4A,C,D) (Perrodbh1Vpl6fusion constructs were injected as mRNA into
et al., 1999). Co-lipofection okbhlwith XathSresulted in  animal caps, and their activities compared with wild-type
potentiating the effect ofath5on promoting ganglion cell fate  Xbh1 mRNA. Although Xbh1 and Xbh1EngRmRNA were
(Fig. 4C and Fig. 6A,B,D). By contraskbhl and Xath3  able to elicitXbrn3dtranscription Xbh1Vpl6failed to do so;
co-lipofection did not yield significantly different effects on rather, Xbh1VP16co-injection was able to suppreXbrn3d
RGCs compared with lipofection &fath3alone (Fig. 4A-C). activation both inXbhZXinjected and inXbh1EngRinjected
Besides, co-lipofection of either of the Xath genes withcaps (Fig. 5A, and data not shown). These data suggest that
Xbh1 significantly reduced photoreceptors compared wittXbhl may promote Xbrn3d expression by acting as a
lipofection of either Xath gene alone (Fig. 4D and Fig. 6D)repressor, and thatbh1VP16may act as a dominant-negative
Finally, Xbhl did not have any effect on th¢ath3/Xath5  construct oriXbhlto suppress its effect. If this were the case,
induced reduction of bipolar cells (Fig. 6D), or on any othewe would expecXbh1Vpl6to decrease RGCs, whereas the

cell types (Fig. 6D, and data not shown). opposite would be expected fotbhlEngR We therefore

) o _ lipofected these DNA chimeric constructs together V@##P
The repressive Xbh1 function is required for atonal cDNA into RPCs. As expected, retinae lipofected with
genes to promote ganglion cell fate and activate the Xbh1EngRshowed a significant increase in the number of
ganglion cell marker ~ Xbrn3d RGCs, together with a significant decrease in the number of

To examine the regulative activity ¥bhlresponsible for the photoreceptors, similar to lipofections with wild-typédohl
increase in the number of ganglion cells in lipofected retinagFig. 5B). By contrast, retinae lipofected wibhlVpl6
activation and repressor constructs were generated by fusisbowed a decrease in RGCs and an increase in photoreceptors
the Vpl6 activator or thérosophila engrailed repressor (Fig. 5B-E; Fig. 6A,C,D). These data suggest Kilhlacts
(EngR) domain, respectively, downstream of tKéhl as a transcriptional repressor crucially involved in the
homeodomain (Kessler, 1997). The resultiighlEngRor  specification of ganglion cell fate.



Xbh1 is necessary for Xath5 induction of
RGCs

If the repressive activity ofbhlis necessary fi
the ability of Xath5to induce RGCs, we wou
expect thatXbh1Vpl6would antagonizeXatht
induction of RGCs. To test this hypothesis,
co-lipofected retinae witikath5and Xbh1Vp1€
and analyzed them at stage 42 compared
GFP-lipofected control retinae andXaths
lipofected retinae. In retinae co-lipofected v
Xath5andXbh1Vp16the proportion of ganglic
cells was strongly diminished compared witl
Xath5lipofected retinae, resulting in almost
same proportion of RGCs as in control retil
In these co-lipofections, only an increase
photoreceptor cells was observed, as se¢
single Xbh1Vp16 lipofections (Fig. 6A,C,D
Consistently, we also observed that bipolar ¢
the last-born neurone cell type, are not decre
as efficiently when Xath5 is co-lipofecte:
with Xbh1Vpl6 (Fig. 6D). Thus, Xbh1Vpli
suppresses the ability oKath5 to promots
ganglion cell fate and leads to an increas
photoreceptors. We obtained a similar re
when Xbh1Vpl6and Xath3 were co-lipofecte
(data not shown). In summary, these data su
that functionalXbhlis required forXath3 anc
Xath5to promote ganglion cell fate in vivo, |
that it may inhibit the ability of these genes
promote photoreceptor fates. Furthermotiehl
may act downstream of the atonal-related bt
factors.

To further corroborate these data, we te
whether the Xbh1Vp16 construct was ab
to suppressXath5 induction of Xbrn3d in
animal cap assays. We confirmed th&thE
is able to elicitXbrn3d expression in anim
caps (Hutcheson and Vetter, 2001) (Fig.
and that this effect is suppressed by
injection of Xbh1Vpl16(Fig. 6E), suggestir
that Xath5 requires Xbh1 function to activat
Xbrn3d

Xbh1 promotes ganglion cell fate in late
lipofections

Timing of expression of bHLH factors
important for retinal cell fate specification. |
instance, early lipofection ofath5at stage 11
18 promotes ganglion cell fate iKenopug
whereas lipofection at stage 26 prom:
bipolar cells and photoreceptors (Kanekar e
1997; Moore et al., 2002). This suggests
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Fig. 5.(A) Comparison of the ability ckbh1 Xbh1VplGandXbh1EngRnRNA to
activate the ganglion cell mark&brn3din animal caps. RT-PCR analysis on

animal caps injected with RNA from differedbh1wild-type and fusion

constructs, as indicated. Injected amounts of RNA were 500 pg for each construct,
either alone or in combination. (B-E) Lipofection experiments Xtih1,
Xbh1lEngRandXbh1Vpl6constructs. Embryos were lipofected wirP+pCS2

vector (C),GFP+Xbh1(D), GFP+Xbh1Vpl§E) or GFP+Xbh1EngRnot shown),

and retinae were analyzed at stage 42. The percent representation of each cell type
was calculated as a weighted averagets.e.m. Counted cellsw28@5 cells

from six retinae foGFP; n=2908 cells from six retinae fofbhl, n=2382 from 15
retinae forXbh1EngRandn=3707 cells from 19 retinae f&ibh1Vpl6 Asterisks
represent significant differences as determined by one-way analysis of variance
with the Tukey-Kramer Multiple Comparisons Test as a post-test)(05,

** P<0.001).

at least in some cases, bHLH factors may not . .
have a strong instructive role, but rather that their in vichDISCLISSIOrl
action may largely depend on the temporal window of theiCell fate determination in the vertebrate retina results from a

activity (Moore et al.,

2002). We therefore decided to assagomplex series of molecular events, whose details are just

whether lipofection oKbhlat stage 25-26 had similar effects beginning to be understood. Many of these details have been

as early lipofections. We found that lipofection Xtbh1 at

inferred by studying the spatiotemporal gene-activation pattern

late stage led to a significant increase in the frequency @ a specialized area of théenopugetina, the CMZ (Perron

RGCs, but had no significant effect on other cell types (Figet al.,

7A-C).

1998). Here, an important role is played by genes related
to the proneurahchete-scutendatonal genes ofDrosophila
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(Harris, 1997). These encode transcriptional regulators th#te expression of the Brn3 subfamily of POU genes, the earliest
modulate a complex genetic cascade that progressively sets kiown markers of RGC differentiation, which are required for
the expression of different combinations of transcriptiorRGC development and survival (Gan et al., 1996; Hutcheson
factors in retinal precursors. It is thought that theseand Vetter, 2001; Liu et al., 2000; Liu et al., 2001; Perron et
combinations are relevant to retinal cell fate decisions (Perroal., 1998; Xiang et al., 1995). Here, we confirm and extend
et al., 1998). Loss-of-function and overexpression experimenthese observations, showing thé&dth3is able to upregulate
revealed the crucial importance of the atonal-relatecKbrn3 genes in animal caps, suggesting that both atonal
transcription factors in the determination of ganglion cell fatdhomologues can positively regulate the transcription of Brn3
(Brown et al., 1998; Brown et al., 2001; Kanekar et al., 1997genes.

Ohnuma et al., 2002; Perron et al., 1999; Wang et al., 2001). Although Ath5 is essential for establishing the competence
Consistent with these datAth5 has been shown to regulate of retinal precursors to acquire a RGC fate, increasing evidence
suggests that other factors may be required to
specify RGC fate in addition to Ath5 (Moore et al.,
2002; Ohnuma et al., 2002; Yang et al., 2003). In
this study, we introduce Xbhl as a new factor
potentially involved in this process. In different
vertebrate species, homologues of wsophila
homeobox BarH genes are expressed in ganglion
cells during the retinal differentiation process
(Patterson et al., 2000; Poggi et al., 2002; Saito et
al., 1998), thus suggesting that they may regulate
RGC formation.

We observed a tight correlation between the
B GFP B XBHI D expression oXbhland that of the proneural gene
0| mxBHI1VpI6 B Xaths oy Xath5 during retinal neurogenesis. In the CMZ,
60 | [ Xath5+XBHI W Xath5+XBHIVpl6 B where retinal neurogenesis is recapitulatédth3
50 e and_Xath_Smark a cell populat|o_n in transition fr_om
® — B = proliferating retinoblasts to differentiating retinal
£ 40 neurones (Perron et al., 1998). We show Kiatil
230 s expression in the CMZ is more centrally located
3 - — than the expression okath5 and only partially
20 overlaps with that oKath5 being restricted nearly
10 : T = exclusively to postmitotic cells. Because of the
0 & genetic and cellular organization of the CMZ

(Perron et al., 1998), a temporal and hierarchical

Mii relationship was suggested betweeKath
o expressed earlier and more peripherally, Abti1,
\\Q\ & Q,@ O@Q" q‘,b expressed later and more centrally. We found that
E \g\ ‘?‘\ ,‘}iﬁ‘%\‘!* @‘9 & @9 3 bothXath5andXath3can indeed positively regulate
¥ P "".‘9 ¥ R\ Xbh1 transcription in animal cap assays. This may

not be a general effect of any bHLH, dseuroD

was not able to activat&bhlin the same assay.
XBrn3d =..=.= Moreover, in animal capXbhlitself is able to elicit
transcription ofXbrn3 genes.
Our functional studies demonstrate thébhl

regulates RGC formation in the retina. In fact, in
ODC vivo targeted overexpression Xbhlin developing

RPCs strongly biases this population toward

Fig. 6.(A-D) Co-lipofection ofXath5with XbhlandXbh1Vpl6onstructs. ganglion cell fate. These results are further
Xath5was lipofected either witFP+pCS2(A), or with GFP+Xbh1(B) or corroborated by lipofection experiments performed
GFP+Xbh1Vp16gC), and their effect analyzed on cell-type frequencies in with the Xbh1Vpl6construct, which represents a
transfected clones (D). Counted cells were2625 cells from six retinae for dominant-negative form ofbhl, and the oppositely

GFP; n=2908 cells from six retinae fotbhl, n=3707 cells from 19 retinae for acting Xbh1EngR Early lipofections with the
Xbh1Vp16n=885 from eight retina faKath5 n=1368 cells from eight retinae Xbh1EngReonstruct exhibit an increased number of
roprosont 5.0.m.. signifcant diferonces nave been calculated by one-way  9370lioN CelS together with a decrease in the
analysis of variance with the Tukey-Kramer Multiple Comparisons Test as a number Of_ photr(])receptors (Slm"ar to thef Wlld(-jtyp_eh
post test (**#<0.001). Symbols are as in Fig. 3. (E) RT-PCR analysis of animaPonStrUCt)' on the contrary, retinae tran_s ected wit
caps injected with different combinations of mMRNA, as indicated. Caps injected® Xbh1Vpl6construct displayed an increase of
with eitherXath5(500 pg) oiXbh1(500 pg) show activation ofbrn3d By photoreceptors together with a decrease of ganglion
contrast, animal caps injected wiiath5(500 pg)+bh1Vp1§500 pg), or with cells. Consistent with these data are the results
Xbh1Vp16500 pg) alone show no activationXihrn3dexpression. obtained in animal caps injected with RNA from the



Xbh1 and ganglion cell fate in Xenopus 2313

data suggest that repressiorX@shltarget genes is required to
promote RGC fate, and for the activationXdfrn3 genes by
Xath5 and indicate a genetic hierarchy regulating RGCs
formation, withXath5being epistatic tXbhl, which in turn
i is epistatic toXbrn3 factors. Finally, the observation that the

[
=
*
*

(]
=

effect of Xbh1Vpl6n suppressing RGCs seems much weaker
on its own than when co-lipofected wikath5 may suggest
that some RGCs are specified inXath5/Xbhiindependent
pathway; indeed, small populationsAih5independent RGCs

Mii are present in mouse and zebrafish (Brown et al., 1998; Wang
et al., 2001).

Our study demonstrates important differences between
Xath5and Xbhl WhereasXath5is expressed in early retinal
precursors, with wider developmental potentiaXbhl
expression is found in later precursors, whose competence is
presumably more restricted (see also Harris, 1997; Livesey and
Cepko, 2001). Consistently, the action X¥h1 is different
from that of Xathh In fact, Xath5 has a broader range of
effects: whereas it promotes ganglion cell fate in early RPCs,
it promotes late retinal fates at later stages (Kanekar et al.,
Fig. 7.(A) Lipofection ofXbh1lat late stages promotes ganglion cell 1997: Moore et al., 2002). In this sengath5may not instruct
fate. Counted cells were=401 cells from 23 retinae fGFP ganglion cell fate per se, but only permit precursors to exit the
(orange) (sample section shown in By564 cells from 36 retinae  ¢g|| cycle; the actual retinal cell fate would be dictated by the
e e o 1 2o o1avEe, Tepertore of other factors co-expressed in the cel (Moore et
significant differences betweetbhlandGFP, as calculated by ﬁ/ll., 2002). COH'SISten'[ Wlth th|§ is the reqent demonstratlon that
Student's-test (**P<0.01). ath5-expressing cells give rise to mult_lple retinal cell types,

and not only to RGCs, in the mouse retina (Yang et al., 2003).

Similar to Xath§ Xbh1 promotes ganglion cell fate in early
same constructs, either singly or in combination: whereas bofRPCs. In contrast t§ath5 Xbhlincreases RGCs also at later
wild-type Xbh1 and Xbh1EngRtrigger Xbrn3d expression, a stages, without significant variation in the other cell types.
dominant-negative effect is exerted BphlVP16on either However, it may be interesting to note that if bipolar and
Xbhlor Xbh1EngRThese results suggest théihlacts as a Miuller cells are ranked together, as a unique population of late
transcriptional repressor in retinal precursors to regulate laorn cells, their diminution becomes statistically significant
switch towards ganglion cell fate. (P=0.026), and appears to compensate for the increase in RGCs

Because of the particular combination of transcriptionabout 9% of the total GFP-positive cells). Thus, in late
factors being expressed in each region of the CMZ, as well dipofections,Xbhlfavours RGCs at the expense of late retinal
in each layer of the central retina, it has been proposed thegll fates. If the increase of RGCs was due to a later effect
retinal cell types are specified by the combinatorial action obn differentiation/maintenance (e.g. a selective cell death
several specific genes (Perron et al.,, 1998). Therefore, tipeotective effect on RGCs compared with other cell types),
competence for a particular cell fate might result from &hen the observed decrease of late cell types only would be less
balance between several positive and negative influencékely. In conclusion, although we cannot exclude a later role
concomitantly acting at a given time on one cell. Interestinglyfor Xbh1, our lipofection data suggest thédbhlregulates cell
recent studies suggest th¥ath5 ability to promote RGC fate by restricting the state of competence in retinal precursors
determination may be modulated by the presence of agonistic by providing them with more instructive cues that commit
and antagonistic factors present in retinal precursors #tem to a RGC fate.
different times of retinal neurogenesis (Moore et al., 2002; Although Xbhlhas a definite RGC-promoting activity and
Ohnuma et al., 2002). Particularly, recent evidence shows thatregulated byath§ it may not mediate all of the abilities of
Xath5 alone is not sufficient to promote RGC specificationXatha For exampleXath5has a bipolar and photoreceptor-
when misexpressed in later RPCs. In this respect, Xbh1l migptomoting activity in later RPCs (Kanekar et al., 1997; Moore
constitute a factor cooperating with Xath5 to bias late RPCst al., 2002), which is not shared bphl. These different
towards a ganglion cell fate. Indeed, we show tkbhl activities may in part depend upon gene sets Xadh5 but
strongly enhances the RGC promoting activityXath5 but  not Xbhl is able to regulate; in addition, they may in part
not of Xath3. Conversely, thexbh1Vpl6activator construct depend on competence changes in RPCs during retinogenesis.
inhibits the ability of bothXath5 and Xath3 to bias RPCs In molecular terms, the competence could be thought of as the
towards a ganglion cell fate. Taken together, these resule®mplement of factors that cooperate with Xath5 to refine its
suggest thaXbhl may specifically potentiatXath5 rather  action. Our data suggest that Xbh1 is one such factor, acting
than Xath3 action to enhance ganglion cell fate, but,for a more specific cell commitment to RPCs, once they have
nonetheless{bhlalso seems to be required ¥ath3ganglion  been specified to become neurones by the proneural genes.
cell-promoting activity. Consistent with the lipofection resultsBoth the results of combinegath5and Xbh1llipofections, in
is the observation tha¢bh1Vpl6mRNA is able to block the which more than 60% of early RPCs are driven to a RGC fate,
activation ofXbrn3dby Xath5in animal caps. Altogether, these and of the late lipofections, are completely consistent with this.
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The later activities of Xath5, and of other bHLH factors polychaete Platynereis dumerilii, and evolutionary conservation of larval

involved in cell fate specification within the retina, may instead eyes in BilateriaDevelopment.29, 1143-1154. _

involve other cooperative factors, such as Chx10 or Xotx2Bouwmeester, T, Kim, S., Sasai, ¥, Lu, B. and De Robertis, E. L996).
hich were shown to favour bipolar cell fate (Hatake ama et Cerberus is a head-inducing _secreted factor expressed in the anterior

whnic ! p y. endoderm of Spemann’s organizs¥ature 382, 595-601.

al., 2001; Viczian et al., 2003), or Crx and Xotx5b, which aresrown, N. L., Kanekar, S., Vetter, M. L., Tucker, P. K., Gemza, D. L. and

involved in photoreceptor specification and differentiation Glaser, T. (1998). MathS encodes a murine basic helix-loop-helix

(Furukawa et al.. 1997 Furukawa et al.. 1999: Viczian et al.. transcription factor expressed during early stages of retinal neurogenesis.

2003) Developmenti25 4821-4833.
’ . . . Brown, N. L., Patel, S., Brzezinski, J. and Glaser, T(2001). Math5 is
Interestingly, a switch role played BarH1/BarH2in the required for retinal ganglion cell and optic nerve formatidavelopment

choice between different types of cells has been described in12g 2497-2508.
the external sensory organs and photoreceptdmdwph”a Bulfone, A., Menguzzato, E., Broccoli, V., Marchitiello, A., Gattuso, C.,

When both Bar genes are deleted in Ith'esophila notum Mariani, M., Consalez, G. G., Martinez, S., Ballabio, A. and Banfi, S.
il d i hai h h bi T (2000). Barhll, a gene belonging to a new subfamily of mammalian
papillae are transformed into hairs, whereas the ubiquitousyomeohox genes, is expressed in migrating neurons of theHIMS. Mol.

expression of one of them turns hairs into papillae. Gen.9, 1443-1452.

Analogously, overexpression ddarH1 in the eye region Cepko, C. L., Austin, C. P, Yang, X. J. and Alexiades, M1996). Cell Fate
transforms cones into R1/R6 photoreceptors, whereas deIetiorgeéerm'”a“O” in the Vertebrate Retifzoc. Natl. Acad. Sci. US83, 589-
of BarH1/BarH2 function in the eye transforms R1/R6 Daga, A., Karlovich, C. A., Dumstrei, K. and Banerjee, U.(1996).

phOtore_(_:eptorS into cone cells (Higashijima et al., 1992a; patterning of cells in the Drosophila eye by Lozenge, which shares
Higashijima et al., 1992b; Sato et al., 1999). homologous domains with AML1Genes Devi0, 1194-1205.
In spite of some similarities in their activity as a switch forFrankfort, B. J. and Mardon, G. (2002). R8 development in tlizrosophila

cell fate determination, the exact correspondence between th%gg‘:"lgggad'gm for neural selection and differentiafitvelopment 29

role of BarH genes in the eye Dfosophilaand of vertebrates g, "w. and Noll, M. (1997). The Pax2 homolog sparkiing is required for
is not clear, as are the possible homologies of morphologicaldevelopment of cone and pigment cells in the Drosophila@gees Dev.
components of the eye in different organisms. Recent datall 2066-2078.

in Platynereis dumerilihave suggested that rhabdomericP\CEevm T B0 B LB B o i xpression and requiates
photoreceptors of ancestral invertebrates may correspond tommtorece'otor differentiatioCell 91, 531-541.

vertebrate RGCs, with which they share a common origifurukawa, T., Morrow, E. M., Li, T., Davis, F. C. and Cepko, C. L.(1999).
from atonatlexpressing precursors and expression of Retinopathy and attenuated circadian entrainment in Crx-deficient mice.
orthologousr-opsin and six1/2 genes (Arendt et al., 2002; _Nat. Genet23, 466-470.

. . . : :Gan, L., Xiang, M., Zhou, L., Wagner, D. S., Klein, W. H. and Nathans,
Arendt and Wittbrodt, 2001). A possible interpretation of this J. (1996). POU domain factor Brn-3b is required for the development of a

view COUld_ be that all photoreceptors fosophl_la being large set of retinal ganglion celRroc. Natl. Acad. Sci. US®3, 3920-3925.
rhabdomeric, correspond to vertebrate ganglion cells. Asrant, P. and Rubin, E.(1980). Ontogeny of the retina and optic nerve in
different view suggests that only R8 photoreceptors of Xenopus laevis. Il. Ontogeny of the optic fiber pattern in the relir@omp.
Drosophila are homologous to vertebrate RGCs, as only Neurol. 189 671-698. . e
L. . . Harland, R. M. (1991). In situ hybridization: an improved whole-mount
specification of R8 dlrectl'y requires thnalgene (Frankfort method for Xenopus embryastethods Cell Biol36, 685-695.
and Mardon, 2002). In this context, datalimesophila BarH1  Harris, W. A. (1997). Cellular diversification in the vertebrate reti@arr.
may not resolve this issue, as this gene is only expressed irDpin. Genet. Dev, 651-658.
R1/R6, and not in other photoreceptors includingatomalt Hatakeyama, J., Tomita, K., Inoue, T. and Kageyama, R2001). Roles of
positive R8. However, it is possible tHatosophilarepresents B‘;T;gg%‘enﬂ% llnglL;Bgze;es Inspecification of a retinal cell type.
a rather divergent model, and that studBafH1 homologues  yigashijima, S., Kojima, T., Michiue, T., Ishimaru, S., Emori, Y. and
in more primitive and generalized systems will help in Saigo, K.(1992a). Dual Bar homeobox genes of Drosophila required in two
reconstructing the possible descendance of vertebrate gangliomhotoreceptor cells, R1 and R6, and primary pigment cells for normal eye
cells during evolution. developmentGenes Dew, 50-60.
Higashijima, S., Michiue, T., Emori, Y. and Saigo, K.(1992b). Subtype
. . . determination of Drosophila embryonic external sensory organs b
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