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Foxd1 is required for proper formation of the optic chiasm

Eloisa Herrera **, Riva Marcus !, Suzanne Li >', Scott E. Williams !, Lynda Erskine 3, Eseng Lai ** and
Carol Mason 8

1Departments of Pathology, Anatomy and Cell Biology and Center for Neurobiology and Behavior, Columbia University, College of
Physicians and Surgeons, 630 West 168th Street, New York, NY 10032, USA

2Cell Biology Program, Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York, NY 10021, USA

3Departments of Visual Science and Molecular Genetics, Institute of Ophthalmology, University College London, London EC1V
9EL, UK

*Present address: Instituto de Neurociencias, Universidad Miguel Hernandez-CSIC, Campus de San Juan. Apt 18, San Juan de Alicante, Alicante 03550, Spain
fPresent address: Department of Pediatrics, Hackensack University Medical Center, 30 Prospect Avenue, Hackensack, NJ 07601, USA

*Present address: Clinical Pharmacology, Merck Research Laboratories, RY34-A-428, 126 East Lincoln Avenue, Rahway, NJ 07065-0900, USA

SAuthor for correspondence (e-mail: cam4@columbia.edu)

Accepted 7 September 2004

Development 131, 5727-5739
Published by The Company of Biologists 2004
doi:10.1242/dev.01431

Summary

In animals with binocular vision, retinal ganglion cell  project contralaterally. However, even though the
(RGC) axons from each eye sort in the developing ventral ipsilateral program is lost in the retina, a larger than
diencephalon to project to ipsi- or contralateral targets, normal uncrossed component develops in Foxdl deficient
thereby forming the optic chiasm. Ipsilaterally projecting  embryos. Chiasm defects include axon stalling in the
axons arise from the ventrotemporal (VT) retina and chiasm and a reduction in the total number of RGCs
contralaterally projecting axons primarily from the other projecting to the optic tract. In addition, in the Foxdl
retinal quadrants. The winged helix transcription factor  deficient ventral diencephalon, Foxgl invades the Foxdl
Foxdl (previously known as BF-2, Brain Factor 2) is domain, Zic2 and Isletl expression are minimized, and
expressed in VT retina, as well as in the ventral Slit2 prematurely expands, changes that could contribute
diencephalon during the formation of the optic chiasm. We to axon projection errors. Thus, Foxd1 plays a dual role in
report here that in embryos lacking Foxdl, both retinal the establishment of the binocular visual pathways: first, in
development and chiasm morphogenesis are disrupted. In specification of the VT retina, acting upstream of proteins
the Foxdl deficient retina, proteins designating the directing the ipsilateral pathway; and second, in the
ipsilateral projection, such as Zic2 and EphB1, are missing, patterning of the developing ventral diencephalon where
and the domain of Foxgl (BF-1) expands from nasal retina the optic chiasm forms.

into the VT crescent. In retina-chiasm co-cultures, VT

RGCs from Foxdl deficient retina are not repulsed by Key words: Foxdl, Foxgl, Brain Factor 1, Brain Factor 2, BF-1, BF-
chiasm cells, and in vivo many VT RGCs aberrantly 2, Retinal axon divergence, Zic2, EphB1

Introduction Yuasa et al., 1996), this pair of proteins has been proposed to

During visual system development, retinal ganglion cell (RGC?etermme the reg]onal specificity of axon projection along the
axons leave the retina via the optic disc and navigate througiSotemporal retina through the regulation of downstream
the optic nerve until they reach the optic chiasm. There the§rgets. Thus, for example, misexpression of Foxgl in the
diverge to form the optic tracts, and project to ipsi- or emporal retina represses the tyrosine kinase receptor E_phA3
contralateral targets, the lateral geniculate nucleus (LGN) arRd the expression of Foxdl, and induces the expression of
the superior colliculus. This decussation of retinal axons at tH@embers of the ephrin-A family (Takahashi et al., 2003).
optic chiasm is essential for the establishment of binocular In mouse, both Foxgl and Foxdl are also expressed in the
vision. developing ventral diencephalon, with the Foxdl domain
Foxgl (also named Brain Factor 1, BF-1) and Foxd1 (a|s't;10Iuding the region in which early retinal axons establish the
named Brain Factor 2, BF-2) are winged helix transcriptiorPptic chiasm, whereas Foxgl is located more rostrally. Both
factors characterized by a DNA-binding motif originally genes are therefore well positioned to play a role in the
identified in HNF3 and found iBrosophilaforkhead proteins  regionalization of the optic chiasm (Marcus et al., 1999).
(Hatini et al., 1994). Foxgl and Foxdl are expressed ihlowever, despite the recent advances in understanding the role
adjacent domains in the neural tube at the time the optief Foxgl and Foxd1 in retinal axial polarity and retino-tectal
vesicles evaginate. Foxgl is expressed in the nasal optic cppojections, and in understanding their relationship to the
and Foxd1 is expressed in a complementary pattern temporafph/ephrin-A family, the extent to which these transcription
(Clark et al., 1993). As misexpression of Foxgl and Foxdl ifactors regulate aspects of retinal specification and axon
chick retina results in projection errors of retinal axons alongavigation in other portions of the retinal axon pathway, such
the anteroposterior axis in the tectum (Takahashi et al., 2008s in the optic chiasm, remained unexplored. Because the
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retinofugal projection in the chick lacks an uncrossedentrotemporal crescent (defined as the region containing all of the
projection at the optic chiasm (Thanos and Mey, 2001)lextran-labeled RGCs); and the second perpendicular to this line and
additional studies are needed to determine whether Foxg1 affdthe border of the retina, 300 pm in length. We superimposed these
Foxdl are required for patterning the visual projection irfines onto the ventrotemporal region of _Fo'?EFﬂaCZflattened retinal
animals with binocular vision such as the mouse. Recer‘thO"""m.Ollq“”ts'I Laklgg a?irefer.enceAﬁo'Ptghel 'Sble'sd Cﬁ"S. C'%SGSI: to
L : : : peripheral border of the retina. All of the labeled cells inside the

anqus.es in mice lacking Foxgl show an increase in the.numbﬁglgion delimited by these lines were then counted.
of ipsilateral axons, suggesting a role for Foxgl in the
formation of the optic chiasm (Pratt, 2004). Co-culture assays

Mice that lack Foxd1 (Foxdt“"*mice) die at birth due to  E14.5 retina and chiasms from embryos from F¥edFoxd12c2/acZ
kidney malformations but appear to have grossly normal ey&osses were dissected. FoXdbr Foxd12?'aZretinal explants were
development (Hatini et al., 1996). In this study we used miceo-cultured with either Foxd® or Foxd12°?"a°Z dissociated chiasm
lacking Foxd1 to further study the role of Brain Factor genes igells, as previously described (Herrera et al., 2003; Marcus and
retinofugal pathway development during the period of chiasrlason, 1995; Marcus et al., 1996b; Wang et al., 1995; Williams et
formation (E14-E18). RGCs that project ipsilaterally are locate@!- 2003).
inthe vent_rote_zmporal (VT) crescent in the mouse retina, WheregégaI histochemistry and immunohistochemistry
axons projecting qontralaterally anise from RGCs lthroughoult B etinal wholemounts were dissected, treated with 3#,kh PBS
_retl_na. The decision (.)f RGCS from the VT retina tc.) ProJ€Ctq piock endogenous peroxidase activity, washed in PBS, fixed in 2%
ipsilaterally at the optic chiasm is regulated by the zinc-fingefaratormaldehyde (PFA) and then incubated with 1 mg/ml X-gal
transcription factor Zic2 (Herrera et al., 2003), and isgjluted in 30 mM KFe(CN), 30 mM KFe(CN) and 2 mM MgCl
subsequently mediated by the pair of tyrosine kinase factofs detectlacZ expression. The tissue was then processed for
implicated in axon guidance, EphBl/ephrin-B2, with EphBZlimmunohistochemistry with anti-Zic2 antibodies (Brown et al., 2003)
acting as a receptor in ipsilateral RGC axons, and ephrin-B&hd anti-rabbit-peroxidase antibodies.
expressed in midline glial cells at the optic chiasm and For_immunohist_ochemistry on sections, 4% PFA-fixed cryosections
functioning as a ligand (Williams et al., 2003). Other guidanc&'eré incubated with 10% normal goat serum_(NGS)-l% Trltqn X-100
factors, such as Slit2 (Erskine et al., 2000; Plump et al., 2002 PBS for 1 hour at room temperature. Sections were then incubated

. anti-Brn3b, anti-Isletl/2 (K4, gift of Dr T. Jessell, Columbia
chondroitin sulfate proteoglycans (Chung et al., 2000) an niversity), anti-SSEA (Marcus et al., 1995) or anti-Zic2, for 1 hour

ephrin-As _(Mar<_:us et ".il". 1996a; Mar_cus et al., 2000) that ha\éﬁ room temperature; washed six times for 30 minutes each wash in
been localized in specialized populations of neurons and glia Bgs at room temperature; and then incubated with Cy2- or Cy3-
the chiasmatic midline, function to pattern the overallconjugated secondary antibodies (Jackson Immunoresearch) for 1
organization of the optic chiasm, rather than in the decussati®ur at room temperature.
of RGC axons. At present, whether any of these, or other, factors S
are involved specifically in crossing the midline is unknown. N situ hybridization

We report here that the absence of Foxd1 leads to disruptidi situ hybridization, using digoxigenin-labeled riboprobes, was
in the shape of the optic chiasm and in the proportion of fibef@erformed on 2Qum cryosections (Schaeren-Wiemers and Gerfin-
projecting ipsi- versus contralaterally, and to stalling orloser, 1993). Rat cDNA clone IMAGE 1003496 was used as a
misrouting of retinal axons at the optic chiasm. Although eydEMPlate fo detect Islet2 mRNA. Ephrin-B2 and EphB1 specific

. oo .probes were generated as described by Williams et al. (Williams et
development and RGC differentiation appear to be normal i I., 2003). A Slit2 probe was generated as described by Erskine et al.

the Foxd1 deficient retina, later-expressed genes specifying ti€skine et al., 2000). The specific probe used to dEtagflmRNA
ipsilateral RGC axon projection in retina are lost, andyas similar to that previously described by Hatini et al. (Hatini et al.,
regionalization of the ventral diencephalon is altered, bothgga).

aspects that are important for proper chiasm formation. ) _ o
Antibody fusion protein binding

Materials and methods The distributions of ephrin-A were visualized by receptor-antibody
) fusion protein binding on unfixed frozen sections. Receptor antibody
Animals fusion proteins consisting of the extracellular portions of the EphA

Foxd 12" and Foxd!f““mice have been previously described; in receptors fused to the human IgG1 Fc domain were used. Briefly, 15-
these mice, théacZ gene was substituted for the coding region of um-thick sections collected on subbed slides, then blocked for 30
Foxdl, allowing lacZ expression to serve as a marker Fokdl  minutes in a solution containing 10% normal goat serum, 2% BSA
expression (Hatini et al., 1996). Foi4'®Zembryos, also referred and 0.02% Na Azide. Slides were then incubated ipgl of

to as Foxdl deficient, were obtained from heterozygote crosses. k€ceptor fusion protein in G:&locking solution for 1 hour. The tissue
was defined as midnight of the night before a plug was foundwas then fixed in fresh 4% PFA, washed in PBS, heat treated at 70°C
Embryos were removed from anesthetized mothers by caesarigey 1 hour to destroy endogenous phosphatase activity, and incubated

section. for 1 hour in goat anti-human IgG alkaline phosphatase-conjugated
i secondary antibody (diluted 1:1000 in R.5blocking solution).
Anterograde and retrograde labeling of RGC axons Sections were color developed using NBT/BCIP and mounted

Anterograde labeling of the whole retinal projection with Dil, and(Marcus et al., 1996a; Marcus et al., 2000).
retrograde tracing using rhodamine-dextran applied to the optic tract,
were performed as described (Erskine et al., 2000; Herrera et al.,
2003; Rachel et al., 2002). Results
To count retrogradely labeled RGCs in the retina ipsilateral to opti .
tract labeling in Foxdi4/®Zembryos, a region was delineated in the "i'h_e absence of Foxd1 leads to aberrant optic
VT crescent in flattened retinal wholemounts of F6%ddmbryos by ~ chiasm formation
two perpendicular lines: one at the central boundary of thdo investigate whether Foxdl is required for the normal
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Fig. 1. The optic chiasm is perturbed in Foxd1 deficient embryos. (A) Anterograde Dil labeling in E12.5, E14.5 and E17/5(Raxe)land
Foxd1a?acZ (5 d f) embryos reveals that the characteristic X-shape of the optic chiasm becomes elongated and splayed, and that the ipsi- t
contralateral ratio of retinal axons increases. Contra, contralateral projection; ipsi, ipsilateral projection; ON, op#stadske midline.

(B) PO embryos lacking Foxd1 (FoXgff'2°Z b-e) display four aberrant phenotypes; compare with Féxembryos (a,f). (b) Most retinal

axons are arrested at the midline and end in ‘nodules’. (c) Retinal axons reach the midline in a more caudal positiondtihliticFmates

and project contra- or ipsilaterally. Axons are arrested as the optic nerves converge (asterisk), adding to the incréreséthbrelidsmatic
crossing point; some axons are routed into the optic tracts and grow in an aberrant ipsi- versus contralateral ratiosig)riroetipe

crossing site is shifted caudally and the RGC project ipsi- or contralaterally with a greatly increased uncrossed comBetieal. {rons

take four different routes (arrows) after leaving the optic chiasm, forming two optic tracts on each side rather thaniagrdfics

summarizing the chiasm phenotypes in FéXddnd Foxd'fc?'aZmice. Scale bars: 2Q0m.

establishment of the optic chiasm, we assessed the retinofuga@hble 1. Optic chiasm phenotypes in Foxd1 deficient mice
pathway in Foxd¥* and Foxdf?'aZ embryos from E12.5, Ganor

. . ype 1 2 3 4 Total
when RGCs axons are growing toward the midline, to PO, Whelg)xdl"’* 0 0 0 0 »
chiasm formation is completed. _ _ _ Foxdl®ZlaZ  3(150) 10 (50%) 1(5%) 6 (30%) 20

During the establishment of the optic chiasm in Fd%d1
mice, pioneer axons arising from dorsocentral retina at E12.51, axons stall at the optic chiasm.
leave the optic cup through the optic disc and navigate into 2, some axons stall in different parts of the chiasm and enter the optic
the optic stalk to the developing ventral diencephalon. Therd’¢'; with an altered contra- versus ipsilateral ratio. _

. . . . , axons project ipsi- or contralaterally but with an increased proportion of
they grow in close relationship to the inverted V-shaped arraygijiateral axons.
of CD44/SSEA neurons, postulated to be important for the 4, axons split into two optic tracts.
establishment of the correct position of the X-shaped optic The number of embryos in each phenotypic group is indicated in each
chiasm (Marcus and Mason, 1995; Mason and Sretavaﬁ??r?;n.ercenta e of each phenotype is shown in parentheses
1997). A small proportion of these early axons turn to the P 9 phenotyp P :
same side of the brain, distant from the midline, forming an
early uncrossed projection that is thought to be transiemhore elongated, and the ipsi- and contralateral components
(Guillery et al., 1995; Mason and Sretavan, 1997) (Fig. 1Aseem to be comparable in size (Fig. 1A, part d), in contrast to
part a). the predominantly contralateral pattern of the FéXddptic

In E12.5-E13.5 Foxd¥?'2Zembryos, RGC axons grow as chiasm (Fig. 1A, part c).
in FoxdI’* embryos from the time they leave the retina and At E17.5, the altered crossed/uncrossed RGC axon ratio and
enter the optic stalk, but their behavior is abnormal when thethe difference in the chiasm shape in Fd%d42°? embryos
approach the midline. In Foxdl mutant mice, all RGC axonare more evident than at E14.5 (Fig. 1A, parts e,f). At PO,
traverse the diencephalon by growing straight towards thethen the development of the optic chiasm is complete in
midline. Once there, they turn sharply ventrally and projecEoxdI”* mice (Fig. 1B, part a), four distinctive abnormal
either contra- or ipsilaterally (Fig. 1A, parts a,b). optic chiasm phenotypes were observed in the FO¥§r?

By E14.5, many axons have reached the midline area immbryos. (1) Most RGC axons terminate at the midline of the
wild-type embryos, and the typical X-shape of the chiasm isptic chiasm and end in one or more nodules (Fig. 1B, part
apparent. In addition, the first permanent retinal axons projef). (2) Some RGC axons traverse the midline and enter the
ipsilaterally from the VT retina (Fig. 1A, part c). In optic tracts, but in an altered crossed/uncrossed ratio, and
Foxd12¢?"3¢Z embryos, however, the X-shape of the chiasm ithers terminate in nodules in the optic nerves, rostral to the
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chiasm and lateral to the midline (Fig. 1B, partc). (3) AllRGC In the retina ipsilateral to dextran application in Fo%d1
axons project ipsi- or contralaterally in an abnormalmice, retrogradely labeled RGCs were found exclusively in the
crossed/uncrossed ratio (Fig. 1B, part d). (4) Most RGC axongT region (Fig. 2C, part a). This region is wider in the central-
project ipsi- or contralaterally, but they split, creating twoto-peripheral axis than the cell-free region found in the retina
routes on each side rather than one (Fig. 1B, part e). In sorgentralateral to dye application (compare Fig. 2B, part a and
cases, a combination of these phenotypes was observed. TA@, part a). The explanation for this difference is that at the
penetrance of each of these phenotypes is shown in Tabletime of backfilling, E17.5, the most central boundary of the
The major phenotype observed in the Foxdl deficient chiasipsilateral RGCs and the most peripheral limit of the
is an increase in the proportion of axons that projectontralaterally projecting cells partially overlap. This is in
ipsilaterally relative to the contralateral component, observedontrast to the situation at E14.5-E16.5, when both populations
in 85% of the cases. Thus, in the absence of Foxdl, the shape segregated from one another (Guillery et al., 1995).
and position of the optic chiasm change, and the behavior &ftrikingly, in Foxd#?'aZ embryos, RGCs retrogradely
the retinal axons is affected at the midline, with many axonkbeled from the ipsilateral optic tract were found across the
misprojecting or stalling at the midline. entire retina (Fig. 2C, part b). In addition, there were far fewer
Interestingly, in Foxdl-deficient embryos, although manyRGCs that projected ipsilaterally in the VT crescent of
RGC axons never grow past the chiasm, some extend througoxd12°?2°Z retina compared with in the equivalent VT
the optic tract to innervate the lateral geniculate nucleus (LGNjrescent of Foxd1' retina (Fig. 2C, part b). Again, this

(data not shown). reduction in the number of cells that project ipsilaterally from
S ) ] the VT quadrant in the mutant compared with the F&%d1

RGCs that project ipsilaterally arise from the entire retina is variable from animal to animal, but in most cases is

retina, rather than only from VT retina comparable to the reduction in the number of cells projecting

To determine the retinal origin of the increased proportion of
RGC axons that aberrantly project to the ipsilateral optic trac
of Foxd12?2¢Zmjce, we retrogradely labeled RGCs in E17.5
Foxd12?acZ gnd Foxd1™* embryos with dextran, applied to <~ waln
one optic tract. In the retina contralateral to the labeled opti ; O
tract, dextran-labeled RGCs were found across the entire retil

in FoxdI”* embryos except in the peripheral VT crescent tha . <(":m
presumably contains the RGCs that project ipsilaterally fron —

this eye (Fig. 2B, part a). In the Fox§¥"2“embryos, labeled B BE.2*
cells were likewise located across the entire retina, but wel
also found in the most peripheral VT crescent (Fig. 2B, part k
asterisk). Moreover, overall there were far fewer labeled cell
in the Foxdf¢?2°Z retina compared with the Foxtd'retina,
although this reduction was variable from embryo to embry«
(Table 2).

Fig. 2.In Foxd1 (BF-2 in figure) deficient embryos, RGCs that
project ipsilaterally arise from the entire retina, rather than
exclusively from the ventrotemporal quadrant. (A) Schematic
indicates that after retrograde labeling from one optic tract at E17.5,
RGCs in Foxd¥* embryos are labeled over the entire contralateral
retina (left), whereas in the ipsilateral eye, RGCs are labeled only in
the peripheral ventrotemporal retina (right). (B) Wholemounts of
retina after retrograde labeling from the contralateral optic tract at
E17.5. (a) In FoxdT" retina, contralateral-projecting RGCs come
from all retinal quadrants except the VT crescent. (b) In Foxd1
deficient retina contralateral RGCs also arise from all the quadrants,
including the VT crescent (asterisks). Overall, there are fewer
contralateral labeled cells in Foxgf#'2°Zretina than in FoxdT"

retina, probably because many axons stall at the optic chiasm.

(C) Retinal wholemounts after retrograde labeling from the
ipsilateral optic tract at E17.5. In Foxd1 deficient embryos (b), RGCs
that project ipsilaterally arise from all retinal quadrants, not only
from the VT crescent (a). Red lines in the contralateral retina delimit
the VT crescent, where contralateral RGCs are not found in wild-
type retina. Red lines in the ipsilateral retina mark the VT crescent,
where ipisilateral RGCs are located. Note that both sectors are not
equivalent in size; this is because at E17.5, when the backfill labeling
is performed, both populations (ipsi- and contralaterally-projecting
RGCs) partially intermingle, and the boundary segregating both
populations is more peripheral at this time than at E14.5-E16.5. Scale
bar: 500um.
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Table 2. Ipsi- and contralateral projection phenotype in wild-type and Foxd1 deficient mice

Ipsilateral + Total Total Ipsilateral RGCs Ipsilateral RGCs Percentage ipsis among
Genotype* contralateral RGCs  contralateral RGCs ipsilateral RGCs  within the VT crescent  outside the VT crescent total labeled RGCs
Foxd1”* 9854 9251 600 603 0 6.1
FoxdI"* 8917 8317 603 600 0 6.7
Foxdz1-acZ/tacz 2394 1788 606 46 560 25.3
Foxdi-acz/tacz 3959 2050 1009 103 906 32.9
Foxdz1-acZ/tacz 1811 1011 800 85 715 44.1
Foxd1-acz/acz 1500 752 748 48 700 49.8

*Counts from individual mice, based on retrograde labeling via the optic tract.

contralaterally (in Foxdl deficient versus FoX#lretina,

about 15-25% of the normal number; see Table 2).
Unfortunately, due to technical limitations of forward- andthe overall reduction in the number of RGCs observed in

backfilling in the same embryo, is not possible to test whethenutant compared with in Foxd1 retina reflects the failure of

there is a correspondence between the phenotypes observedimny RGC axons to project past the optic chiasm into the optic
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Dil-forward filling and the percentage reduction in the number
of retrogradely labeled RGCs. However, we hypothesize that

tract. Alternatively, the decrease in the RGCs that are backfilled
from the optic tract could be a consequence of a reduction in
the number of RGCs in the mutant retina. We favor the first
possibility, because (1) the optic nerve is robustly labeled upon
forward filling from the optic nerve head, and (2) many axons
accumulate before and in the chiasm, reflected by axon tangles
and knots, which is evidence of a failure of RGC axons to
project further than the chiasm (Fig. 1B, parts b and c).

Thus, in the absence of Foxdl, fewer axons reach the optic
tracts, probably because many axons are unable to pass through
the optic chiasm. Those axons that do traverse the optic chiasm
and that project ipsi- or contralaterally arise from the entire
retina rather than from their respective topographic locations
in the retina. These results indicate that Foxd1 is important for
proper routing at the level of the optic chiasm.

Factors mediating the inhibition of uncrossed retinal
axons are lost in the Foxd1 deficient retina

To address the question of whether the misrouting of retinal
fibers at the optic chiasm is a consequence of alterations in the
retina, in the chiasm, or in both, we co-cultured FéXddnd
Foxd12c#/acZ retinal explants with cells dissociated from either
FoxdI”* or Foxd12°#'°Z chiasm. Under normal conditions,
axons that extend from VT retinal explants are inhibited by
dissociated chiasm cells, whereas axons from the remainder of
the retina grow well on chiasm cells (Fig. 3A, part a) (Herrera
et al., 2003; Marcus et al., 1995; Marcus and Mason, 1995;
Marcus et al., 1996b; Wang et al., 1995). Given the stalling and
misrouting seen in contra- and ipsilateral projections in

Fig. 3. Neurite growth from Foxd1 (BF-2 in figure) deficient VT
explants is not inhibited by chiasm cells. (A) Retinal explants from
E14.5 Foxdi’™* (a,c) or Foxd'f¢#'2°Z(h d) embryos co-cultured with
dissociated chiasm cells from Foxt1(a, b) or Foxd®¢?'aZ (¢, d)
embryos. Drawings at the top indicate the two different
combinations: (left) RGC axons from FoxéVT but not DT retina
are inhibited by Foxd1" or Foxd12¢#"aZchiasm cells, whereas
(right) RGC axons from the VT retina of FoX##'2?embryos are
not inhibited by Foxd* or Foxd12¢?'a<Zchiasm cells.

(B) Quantification of mix-and-match experiments shows that RGC
axons from Foxdl* VT retina are inhibited by chiasm cells from
either Foxd 22 or Foxd1”* embryos. However, there is a loss of
significant difference between VT and DT axon behaviors when
retina from Foxd#°?'2Zembryos are co-cultured with Foxétlor
Foxd12cZ'2¢Z chigsm cells. *P<0.005. Scale bars: 5Q0n.
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Foxd12¢?"acZ embryos in vivo (forward and backfill Thus,these experiments seem to be useful for detecting loss of
experiments), we expected a general inhibition of all RGGhe ability of RGC axons to respond to repellant cues from
axons, and/or that axons from contralateral retina would act akssociated chiasm cells, but do not provide insights as to
ipsilateral axons and vice versa in this co-culture assay. Owhether retinal cells from DT retina are mispecified or whether
results indicate that in Foxd%/2°Z explants, dorsotemporal there is a defect in the three-dimensional organization of Foxd1
(DT) axons behaved like Foxtfl RGCs, e.g. they were not deficient chiasm cells.
inhibited by Foxd1™* or Foxd12¢?"2°Zchiasm cells. By contrast, o . -
RGCs from Foxdl deficient VT retina grew well on chiasmCEne expression is altered in the Foxd1 deficient
cells from Foxd1’* or Foxd1##'aZembryos, rather than being "€tina
repulsed (Fig. 3A, parts b,d). Interestingly, Fd¥d42Zchiasm ~ Differentiation genes
cells were able to inhibit Fox#1 VT retinal axons, suggesting Retrograde labeling experiments showed that fewer axons
that the chiasm signals that normally repel ipsilateral RG@averse the chiasm in absence of Foxdl. To test the possibility
axons are present in Foxdl nulls (Fig. 3A, part c). that the total number of RGCs or that RGC differentiation
The co-culture results argue for perturbation of factorsare affected in Foxdl deficient embryos, we analyzed the
within the VT retina that normally mediate RGC inhibition atexpression of two markers of differentiated RGCs, Isletl and
the chiasm midline, but also suggest that DT retina may not l&n3b in the Foxdl deficient retina. Isletl is a LIM-
perturbed in terms of response to midline cues. However, thtlomeodomain transcription factor expressed in RGCs when
conclusion is at odds with the results obtained from théhey are in S phase of their terminal division (Brown et al.,
apparent chiasm phenotypes observed by anterograde a2@00). Brn3b is a POU transcription factor involved in the
retrograde labeling, in which both ipsi- and contralateral axonguidance of RGC axons as they exit from the retina (Liu et al.,
stall or misproject (above). The simplest explanation for thes000). Brn3b has also been implicated in other axon guidance
seemingly contradictory results is that the in vitro assay isvents along the retinofugal pathway (Wang et al., 2002; Xiang
limited to testing the repulsive response on the part oft al.,, 1995). Isletl and Brn3b expression was unchanged in
ipsilateral axons, and is not informative on the behavior oFoxd1l deficient retina, including in the VT crescent (Fig. 4A,B,
axons from the DT crescent toward chiasmatic cells. This iand data not shown). These results indicate that in the absence
because: first, the assay detects growth or inhibition only in af Foxdl, RGC number is normal and RGC neurons are
two dimensional plane (the Petri dish); and second, chiasmormally differentiated, in accordance with the robust Dil
cells are dissociated, losing their original structure and thstaining observed in the optic nerve of Foxd1 deficient mice in
three-dimensional architecture in which the axons are guidetbrward filling experiments.

BF-2**

BF-2 lacZ/lacZ

E15.5

T T S T

Fig. 4.Zic2 and EphB1 are not expressed in VT retina in Foxdl1 (BF-2 in figure) deficient embryos. (A,B) Cryosections of E18:5A&pxd1

and Foxd!f?"a°Z(B) embryos showing similar Islet1/2 expression in both wild type and mutants. (C-F) Zic2, detected by anti-Zic2 antibodies,
in frontal sections from wild-type and FoX#ff'2Zembryos. (C,D) At E14.5, Zic2 is not detected in F&EEZVT retina (elongated arrows,

D; compare wild type in C), but it is detected in the ciliary margin zone (short arrows). (E,F) At E16.5, Zic2 expresgionikkgmpe VT

retina (E) is absent in the mutant (F). (G,H) In situ hybridization for EphB1 in frontal cryosections of E15.8"HR@)dnd Foxd#c#'acZ (H)

embryos reveals that EphB1, like Zic2, is absent in embryos lacking Foxd1. (1,J) mRNA for Islet2 is similarly expres$¥d'r<gsaitl

FoxdI'* retina. Scale bars: 1Q0n.



Foxdl in the retina-chiasm pathway 5733

Genes regulating the ipsilateral decision Zic2 and EphB1 are expressed in the VT crescent. To do this,

Because our in vitro results indicated that Foxd1 function ive performed X-gal staining in Foxd2°* embryos. Rather
needed in the retina for normal behavior of VT axons, we nexhan being expressed in the entire temporal half of the retina,
investigated whether VT RGCs are specified correctly in Foxdffoxdl is restricted to the VT quadrant at E14.5 and E16.5 (Fig.
deficient embryos. We focused on the expression patterns of\, part a,e). .

regulatory genes, and on axon guidance factors in the retina thatThe restriction of Foxdl expression to the VT quadrant,
have been implicated in the determination of RGC axondPgether with the downregulation of Zic2/EphB1, in the
routing at the optic chiasm. We previously reported that th§0xd1%*”'**“retina suggests a relationship between Foxd1 and
decision of RGC axons to project ipsilaterally at the midlineZic2. We performed X-gal staining in Foxd2* embryos to
appears to be controlled by the zinc-finger transcription factdtetectlacZ expression, followed by immunohistochemistry
Zic2. At E14.5, Zic2 is expressed in progenitor cells at thavith anti-Zic2 antibodies, in order to compare the expression
ciliary margin zone (CMZ) in the entire retina, but it is alsopatterns of these two regulatory genes. At both ages, the Zic2
detected in a small population of postmitotic cells in the VTexpression domain is mostly included within the Foxd1-
crescent of the neural retina. Zic2 expression in the CMROsitive area, and the ventral edge of Zic2 expression falls
disappears at about E15.5, but expression continues in tMédthin the Foxdl expression domain, except for a few Zic2-
postmitotic RGCs that project ipsilaterally until E17.7-E18.5 positive cells outside the ventral edge of the Foxd1 expression
and then is downregulated once all the retinal axons have pasgénain. Foxdl expression extends more centrally, whereas
through the optic chiasm (Herrera et al., 2003). Strikingly, irZic2 is restricted to the peripheral retina (Fig. 5A, parts b-d,f-
Foxd12cZ"acZ embryos, although expression in the CMZ seemd)). Therefore, most Zic2-positive cells are located in the Foxd1
to be normal at E14.5 (compare panels C and D in Fig. 4), zicg@pression domain — although they do not seem to co-localize
expression is nearly lost in Foxd1 deficient VT retina (compare consistent with a role for Foxd1 acting upstream of Zic2.
panels E and F in Fig. 4). We did not detect Zic2-positive cells Because Foxdl and Foxgl show adjacent expression domains
outside of the VT retina in Fox#4"2mice. This loss of Zic2 in the retina (Hatini et al., 1994), a pattern suggesting that these

expression is consistent with our in vitro results showing thawo winged helix transcription factors (Foxgl and Foxd1) might
axons from Foxd3Z2Z /T retinal explants are not inhibited repress each other, we next studied the Foxgl expression pattern

by Foxd1'* or Foxd12°?/aZ chiasm cells. in Foxd12¢?"a°Z and Foxd1™* embryos. In the Foxdl deficient
The tyrosine kinase receptor EphB1 is expressed in the sarffidina, the Foxgl expression domain expands into the VT retina,

VT domain as Zic2 and mediates the response of ipsilater@Fcupying the Foxdl domain (compare Fig. 5B, parts a-c with

RGC axons to inhibitory signals emanating from chiasm cellarts d-f), but does not expand into the dorsotemporal retina, in

(Williams et al., 2003). We have previously postulated thaggreement with previous data suggesting that Foxdl represses

Zic2 might regulate the tyrosine kinase receptor EphBf0xgl in retina (Huh et al., 1999).

(Williams et al., 2004). In FoxdfZ'2Z mice, as with Zic2, Foxgl induces ephrin-A2/A5 expression when is

EphB1 is not expressed in VT retina (Fig. 4G,H), Suggestingisexpressed in the temporal retina (Takahashi et al., 2003).

a role for Foxdl in the regulation of these two proteins thaBecause Foxgl expression expands into the domain of Foxdl

modulate the ipsilateral pathway. in the Foxdl deficient retina, we investigated the pattern of
Islet2 is a LIM homeodomain transcription factor expresse@phrin-A in the Foxdl deficient retina. In Foxtilretina,

in a pattern complementary to Zic2 in the developing retinagphrin-A was found in a high-nasal low-temporal pattern,

Because Islet2 is expressed in contra- but not in ipsilaterdthereas in Foxd¥?*retina ephrin-A was highly expressed

RGCs, it has been suggested that Islet2 could be involved i both halves of the retina (Fig. 5B, parts g,h).

the identity and navigation of crossed retinal axons (Pak et al., In summary, the absence of Foxd1 in retina leads to the loss

2004). To test whether changes in Islet2 expression contribu@é genes known to directly control the uncrossed pathway in

to the misrouting of contralateral RGCs from contra- tothe optic chiasm, specifically, Zic2 and EphB1, and to an

ipsilateral optic tracts in Fox#t2'2Zembryos, we performed €xpansion of Foxgl and ephrin-A (Fig. 5C).

in situ hybridization with specific probes to Islet2 in . .

Foxd12°2/%Z and Foxd1™ retinal sections. Islet2 expression is EXPression of regulatory genes and axon guidance

normal in the Foxd1 deficient retina. It is important to note thafactors is altered in the optic chiasm of Foxd1

despite the loss of Zic2 in the VT crescent of Foxd1 deficierfi€ficient embryos _ .

retina, Islet2 maintains its VT-negative pattern (Fig. 41,J)Co-cultures of Foxd1" and Foxd£°”'*” retina and chiasm

demonstrating that there is a population of cells, now zicZells suggested that RGC axons in the VT retina of

negative, that are still present in the VT crescent of the Foxdioxd1?*“*** embryos display ~‘contralateral —axon-like

deficient retina. This result argues that there is a specifighenotypes’, as they are less repulsed by chiasmatic cells than

downregulation of Zic2 and EphB1, rather than cell loss at thiRGCs in Foxd1* VT retina. This finding is supported by the

region. Moreover, the normal Islet2 expression in the retinss of two genes designating the uncrossed projection, Zic2

suggests that its expression is not repressed by Zzic2 @nd EphB1, inthe Foxdl deficient VT retina. However, in vivo,

regulated by Foxd1. early retinal axons show altered pathfinding errors as early as
) ) ) E12.5 (Fig. 1A, part b), a finding that cannot be explained by
Genes regulating early retinal patterning Zic2 or EphB1 downregulation in E14.5 Foxd1 deficient retina,

Foxd1 was previously reported to be expressed in the tempotad the first RGCs that form the optic chiasm derive from
half of the retina at E12.5 (Hatini et al., 1994). We nextdorsocentral retina (Guillery et al., 1995). One possible
investigated whether Foxdl expression is maintained at latexplanation for the early misrouting is that contralateral RGCs
times; specifically, at E14.5 and E16.5, the period in whiclare also de-specified. Unfortunately, to date, only one molecule
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has been suggested to be involved in contralateral RGi@volved in axon guidance or by specifying development of the
specification, Islet2 (Pak et al., 2004), but this transcriptiorspecialized cell groups that provide cues for guidance (Marcus
factor shows normal expression in Foxdl mutant retina. Net al., 1999; Williams et al., 2003).
other proteins have been directly implicated in the The transcription factor Foxgl is expressed in the pre-optic
establishment of the contralateral projection, making it difficultarea, in a pattern complementary to Foxd1, in a domain where
to test for perturbations in the mechanisms for crossing. the optic chiasm is formed (Marcus et al., 1999). The boundary
It is also possible that in the absence of Foxdl, the ventraktween these two transcription factors has been proposed to
diencephalon is altered and causes axon misrouting. Taay a role in the establishment of the optic chiasm. We tested
investigate this possibility, we analyzed the expression pattethe expression pattern of Foxgl in FoRei2 embryos and
of transcription factors and axon guidance moleculesonsistently found that the zone of Foxgl expression is
implicated in retinal axon divergence or interactions withexpanded compared with the pattern in FéXd&mbryos,

Foxd1 in the optic chiasm region. invading the supraoptic area normally occupied by Foxd1. The
) ) ) expansion can be viewed in sagittal (Fig. 6A, parts a-d) and
Patterning genes in the ventral diencephalon frontal sections of Foxd£%'2Zembryos (Fig. 6B, parts a,b).

Combinatorial domains of regulatory gene expression in the Zic2 is expressed in a pattern partially overlapping the
ventral diencephalon have been implicated in the patterning ¢foxd1l expression domain in the ventral diencephalon (E.H.
retinal axon projections in the optic chiasm (Marcus et al.and C.M., unpublished). Moreover, the absence of Zic2 in
1999), either by regulating the expression of moleculeFoxd12°%/2¢Z retina suggests that Zic2 might be downstream

Fig. 5.Foxd1 (BF-2 in figure) is expresse
in VT retina and its absence leads to A
expansion of the Foxgl (BF-1) and ephr
A domains. (A) X-gal staining (blue) of
retinal wholemounts from Fox&'°?
embryos at E14.5 (a) and at E16.5 (e)
indicates that Foxd1 is highly expressed
VT retina at these ages. Flattened retina
wholemounts at E14.5 (b) and E16.5 (f)
summarize the relationship between Fox
expression domain and Zic2-positive cel
over the entire retina. Blue indicates Xge
Foxd1 staining and dark brown speckles
represent Zic2-positive cells. The cartoo
shows that the borders of Zic2 and Foxd
expression overlap, although the Foxd1
expression domain extends more centra
than that of Zic2. Moreover, some Zic2-
positive cells are found outside the most
ventral lateral border of the Foxd1
expression domain. Higher magnificatior
views of the two boxed regions in b and -
are shown in c and d, and g and h,
respectively. These pictures show that e
Zic2-positive cells (dark brown speckles)
are located in the Foxd1-positive domair
(blue area) in the VT retina (d,h). c and ¢
show that the peripheral temporal bordel
of the Zic2 and Foxd1 domains overlap.
Scale bars: 100m. (B) (a-f) In situ
hybridization for Foxgl in serial horizonti
sections from the middle of the retina (a,
and through the most ventral retina (c,f)
E15.5 Foxd¥* and Foxd'¢#"2Zembryos,
indicating that Foxgl expands into VT
retina in the absence of Foxdl1. Arrows it
b-f indicate that Foxgl is expressed in th
ventrotemporal quandrant of Foxdl
deficient retina but not in normal retina. : P
(9,h) Antibody fusion protein localization D -y
in horizontal sections of E12.5 embryos
shows that in the absence of Foxd1, ephrin-
A is also expressed in the temporal retina (h, arrow), which is in contrast to the normal high-nasal-low-temporal exprddsigperembryos

(g, arrow). Scale bars: 1@n. (C) Schematic showing that Zic2 and EphB1, thought to regulate the uncrossed projection, are missing in the
retina of Foxd1 deficient embryos, and that Foxgl and ephrin-A proteins expand their territory into VT retina. Top, widttdypemutant.

BF-2 +/lacZ
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® Zic2 BF-1/ephrinA
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of Foxdl. Isletl is expressed in the most posterior aspect apects of the brain appeared to be normal (Fig. 6B, part c,d;
the chiasmatic region, as well as in a few cells at the optiarrows).

chiasm midline. The function of these regulatory genes in the ) . )

optic chiasm region is unknown, but, because of theif\xon guidance factors in the ventral diencephalon

particular location with respect to Foxdl in the chiasm regionywe next wished to determine whether the alterations of
we analyzed their expression pattern (see cartoon, Fig. 7). Foxgl, Zic2 and Isletl expression in the ventral diencephalon
sagittal sections of Foxdt embryos, Zic2 is highly of Foxdl deficient embryos are associated with aberrant
expressed in the supraoptic area, above the retinal fibers, iregpression of axon guidance factors important for the
pattern complementary to that of Foxgl (Fig. 6A, part e). Byravigation of RGCs. We first examined the expression of
contrast, in Foxdi“?!2¢2embryos, there are no Zic2-positive ephrin-B2, responsible for the inhibition of ipsilateral RGC
cells in the supraoptic area, which is instead occupied bgxons at the chiasm midline (Nakagawa et al., 2000; Williams
Foxgl (Fig. 6A, part f). Moreover, the number of Isletl-et al., 2003). In the absence of Foxdl, this tyrosine kinase
positive cells at the optic chiasm midline was greatly reducegrotein is expressed at the chiasm midline (Fig. 7A, parts a
in Foxd12¢?'a°Z compared with Foxd1" embryos (Fig. 6A, and b). Thus, this major signal for axon divergence at the
parts e-h). In frontal sections, concomitant with the expansiomidline is intact, consistent with the co-culture results that
of Foxgl, fewer Zic2-positive cells were seen on either sideoth Foxdl deficient and Foxtl chiasm cells elicit

of the midline compared with Foxt1 embryos (Fig. 6B, inhibition in Foxd1”* VT RGCs.

parts c,d). Interestingly, Zic2 expression in more dorsal Slit2, a member of the secreted Slit chemorepellent family

Fig. 6. Foxgl (BF-1) expression is expanded,

plane and level of section shown in panels a-|
Top right panel is a drawing of a sagittal secti
red-dashed square indicates the area shown
panels a-h. (a-h) Sagittal cryosections of E15
Foxd1acZacZh d f h) and Foxd1" embryos 1
(a,c,e,q), hybridized for Foxgl (a-d), or
immunostained (e-h) against Zic2 (green) anc
Isletl (red). Dashed yellow lines indicate whe
the axons are located, in different positions in
FoxdI”* embryo compared with in the Foxd1
deficient embryo. The light blue-dashed lines
represent the posterior boundary of Foxgl
domain in Foxd1* embryos. Note that in the
most lateral sections (level 1) of Foxd1 deficie
embryos, the Foxgl expression domain is
expanded posteriorly behind the optic recess,
Zic2 domain is reduced, and Isletl appears tc
normal. In more medial sections (level 2), the
Foxgl expression domain is expanded cauda
there is no Zic2 expression, and Isletl expres
is restricted to the most posterior aspect of th
chiasmatic region. Bottom panels, schematics
comparing the expression patterns of Foxd1,
Foxgl, Zic2 and Isletl in Foxd1 (left) and
Foxd12°2"2¢Z (right) embryos, as viewed in
sagittal sections. OC, optic chiasm; OR, optic
recess; SOA, supraoptic area; HYP,
hypothalamus; I, third ventricle. Scale bars: .
pum. (B) Top left panel is a lateral view of an
E15.5 embryo head, and the red-dashed line
indicates the plane and level of section showe
panels a-d. Top right panel is a drawing of a
frontal section; red-dashed square indicates t
area shown in panels a-d. (a,b) In situ
hybridization for Foxg1l in frontal cryosections slslet1
E15.5 Foxd'f°?"2°Z (b) and Foxd1™* (a)
embryos. (c,d) Immunostaining against Zic2 (green) in the same sections as in a and b, respectively. Bottom panels acarsoomsiary
comparing the expression patterns of Foxd1, Foxgl, Zic2 and Isletl in"Fogeft) and Foxd'f?'2Z (right) embryos, in frontal view. Note
that Foxgl expression is expanded ventrally and Zic2 expression is restricted to a few cells in the most lateral asieasiof, thewever,
Zic2 expression is hormal more dorsally. Scale barsp200

Zic2 and Isletl zones are reduced in the Foxc A 12 i B
(BF-2)-deficient ventral diencephalon. (A) Tog % n
left panel is a dorsal view of an E15.5 embryc E
head with dashed red lines (1, 2) indicating th e
I

lacZ/lacZ

* BF-1




5736 Development 131 (22) Research article

that is necessary for channeling RGC axons during chiasme also investigated the position of this population of early
formation (Plump et al.,, 2002), was next examined in tha&eurons in the Foxdl deficient chiasm. CD44/SSEA neurons
Foxd1 deficient chiasm. In FoxtiLembryos, Slit2 is strongly are located ventral to the optic stalks and dorsal to the postoptic
expressed immediately dorsal to the optic chiasm and is alsecess (Mason and Sretavan, 1997). At E13.5 (Fig. 7C, parts
weakly detected ventroposterior to the chiasm, in a patch amb) and at E15.5 (Fig. 7C, parts c,d), the organization of these
either side of the ventral diencephalon (Fig. 7D, cartoongarly neurons appears to be normal in Foxd1 deficient embryos.
(Erskine et al., 2000; Plump et al., 2002). At E13.5, SlitZ2However, at E15.5, RGCs axons enter the CD44/SSEA domain
expression appears to be normal in the most dorsal area of ttagher than avoid it, as occurs normally in FoxXtithiasms
Foxdl deficient chiasm. However, its ventroposterior(Fig. 7C, parts c,d).
expression is stronger than in the FoXtithiasm (Fig. 7B, Thus, Foxdl deficient embryos exhibit aberrant expression
parts a-d). At E15.5, although less intense, this altered patteof Foxgl, Zic2 and Isletl transcription factors in the ventral
is maintained (Fig. 7B e-h). diencephalon, providing evidence for mis-regionalization of
As CD44/SSEA-positive neurons are believed to define ththe ventral diencephalon. Ephrin-B2, which is repulsive
midline and the posterior border of the future chiasm (Marcugpsilateral axons, appears to be normal at the Foxd1 deficient
et al., 1995; Mason and Sretavan, 1997; Sretavan et al., 199dhiasm, but Slit2, which mediates inhibition of all RGC axons,
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Fig. 7. Axon guidance factors are relatively unchanged in the optic chiasm of Foxd1 (BF-2) deficient embryos. (A) In situ hybfadization
ephrin-B2 in frontal cryosections of E15.5 Fo%d1a) and Foxd1l mutant (b) embryos, revealing similar expression pattern in cell bodies at the
floor of the third ventricle, thought to belong to the midline radial glia. (B) In situ hybridization for Slit2 in horizgosgcions at E13.5 (a-

d) and E15.5 (e-h). Comparison of FoXdleft panels) and Fox{t2'a°Z (right panels) chiasms at E13.5 show that although Slit2 expression
appears normal in more dorsal sections (a,b), Slit2 levels are increased in the region ventrocaudal (c,d) to the chiasefici€oxd

embryos (red arrows, d). At E15.5, the same pattern is maintained (e-h). Green dashed lines indicate the position ofisatiredetx

section. (C) Immunostaining with anti-CD44/SSEA antibodies (red) and anti-neurofilament (green) in horizontal cryosec8ahigaabE1

and E15.5 (c,d). Comparison of Foxqleft panels) and Fox#f%2°2 (right panels) chiasms indicates that although CD44/SSEA expression
appears normal in Foxd1 deficient embryos, retinal axons enter the CD44/SSEA-positive area (d), in contrast to the wilidhipexons

never transgress the CD44/SSEA zone (c). Green indicates retinal axons labeled with neurofilament antibodies. Red agdhet iredinat
axons invade the CD44/SSEA expression zone. Scale bargn2d@) Schematic indicating that in the chiasm, the Foxg1l territory expands in
the absence of Foxdl, as in retina, and retinal axons aberrantly course through the CD44/SSEA zone. Isletl and Zic2ezxkprdssiane
reduced around the chiasmatic midline, and Slit2 expression is expanded ventrocaudally. Ephrin-B2 and CD44/SSEA expegssion appe
unaltered in the Foxd1 deficient chiasm; however, in contrast to wild-type axons, Foxd1 deficient RGCs trespass the CD4448SEA dom
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is more strongly expressed in the ventral diencephalon in the Mix-and-match co-culture assays also support a de-
absence of Foxd1. specification of the ipsilateral phenotype, as in the absence of
To recapitulate, as a consequence of the absence of Fox&bxdl, axons from VT retina are no longer inhibited by chiasm
Zic2 and EphB1 are lost in the VT retina, and Foxgl ectopicallgells. Therefore, based on expression patterns and loss-of-
expands into this retinal sector. Accordingly, VT RGCs are leskinction studies, we propose that Foxdl expression in the
inhibited by chiasm cells in vitro, and the number ofretina is essential for regulation of the molecular cascade
ipsilaterally-projecting RGCs from the VT crescent is drasticallydirecting the ipsilateral retinal projection, specifically in
reduced in the Foxdl1 deficient embryos. Moreover, the numbélirecting VT RGCs to recognize inhibitory signals such as
of ipsilaterally projecting RGCs from the retinal quadrantsephrin-B2 at the chiasm midline (Williams et al., 2003). At
outside of the VT crescent increases, and only 10-15% of th@esent, whether Foxdl directly regulates Zic2 is not known.
normal number of RGCs project past the chiasm into the optieoxdl might regulate Zic2 and EphB1 through a non-cell
tracts in the Foxd1l deficient embryo, when compared with thautonomous mechanism or, alternatively, Foxdl-expressing
wild-type embryo. These data suggest that in Foxdl deficierlls may represent progenitors that will later express Zic2.
embryos, those RGC axons that are able to project into the Previous results indicate that Foxgl regulates ephrin-A2/A5,
ipsilateral or contralateral optic tracts do so in a stochastibecause misexpression of Foxgl in nasal retina induces ephrin-
manner. Our analyses also demonstrate perturbations in tA2/A5 regulation (Takahashi et al.,, 2003). In the case of
regionalization of the ventral diencephalon, including expansio#ic2 and EphB1, whether the loss of these molecules is a
of Foxgl and Slit2, and reduction in Zic2 and Isletl. In summangonsequence of the expansion in Foxgl or the absence of
regionalization and specification of both the retina and ventratoxdl is not known, but further experiments will address this
diencephalon are disrupted in Foxdl deficient embryos, aridsue.
although the relative contribution of alterations of each site is o ]
not identified by the present study, these disruptions produceF#xd1 function is essential for correct
misallocation of ipsi- to contralateral axons, malformation of théegionalization of the optic chiasm
optic chiasm, and reduced retinal projection into the optic tract$Ve observed that at E12.5, pioneer axons of Foxdl deficient
embryos display an abnormal course once they exit the optic
. . stalk, growing straight to the optic chiasm midline instead of
Discussion turning rostrally and ventrally. The loss of proteins that direct
Previous studies have implicated the winged helix transcriptiothe ipsilateral projection in older VT retina (e.g. Zic2 and
factor Foxdl in the control of retinotectal pathways duringephB1) does not explain the misrouting of the early pioneer
visual system development in chick (Yuasa et al., 1996). Hemxons or the subsequent increase in RGCs in Foxd1 deficient
we report for first time that Foxd1 is also involved in an earlieembryos that aberrantly project ipsilaterally or are arrested in
phase of development of the retinofugal pathway, théheir growth at the midline. One hypothesis is that early RGCs
establishment of the optic chiasm. Foxd1 is important for thand/or contralateral RGCs are mis-specified. Islet2 is expressed
regulation of genes involved in the specification of ipsilaterain contra- but not ipsilateral RGCs in both the Foxd1 deficient
RGCs, and also for regionalization of the ventral diencephaloand wild-type retina, but it is possible that other molecular

in which the chiasm forms. mechanisms underlying RGC axon crossing may be defective.
) Another, but not mutually exclusive, hypothesis underlying

Foxdl as a pre-patterning gene of ventrotemporal the chiasm phenotype in the Foxdl deficient embryos is

retinal identity that the morphogenesis and specification of the ventral

It has been previously reported that Foxd1 is expressed in tlencephalon is perturbed. Supporting this view, the boundary
temporal half of the retina at the time that optic vesiclebetween Foxgl and Foxdl is disrupted in the ventral
evaginate (Hatini et al., 1994). At E14.5, Foxd1 is confined taliencephalon of Foxdl1 deficient embryos. This boundary was
the VT quadrant rather than the temporal half of the retingreviously proposed to define naso-temporal identity (Hatini et
suggesting a role for Foxdl in the specification of thel., 1994) and to mark where the optic chiasm forms (Marcus
ventrotemporal region of the retina and, in turn, ipsilateraét al., 1999). Associated with this disruption is the fact that
RGC identity. The expression domain of Foxdl includes th&ic2- and Isletl-expressing cells are decreased in number and
peripheral VT retina where Zic2 is expressed. As Zic2 andnisplaced. Moreover, Slit2 expression expands at an earlier
EphB1, both essential for the specification and guidance dime than in Foxdl wild-ype embryos, consistent with the
ipsilateral RGCs, show similar expression in VT RGCsprevalent stalling and misrouting of RGC axons at the midline.
(Herrera et al., 2003; Williams et al., 2003), we presumed thalowever, the continued presence of ephrin-B2, important for
the Foxd1 expression domain also includes the EphB1-positivetinal axon divergence, is in agreement with the in vitro results
area. Strikingly, Zic2 and EphB1 are missing in the VTindicating that chiasm cells from FoX¥f£"2°Z mice are still
quadrant of Foxdl deficient mice, indicating that Foxdl isable to inhibit Foxd¥* VT axons.

required for the expression of these two proteins in this area of The absence of Foxdl in the ventral diencephalon may affect
the retina. Our data strongly suggests, for the first time, thaélhe formation of the optic chiasm in two ways. (1) Foxgl
Zic2 and EphB1 are linked. Moreover, in accordance with theontrols the number and type of cells produced in the cortex
loss of Zic2 and EphB1 in this region of the retina, retrograd€Xuan et al., 1995; Hanashima et al., 2002; Hanashima et al.,
labeling shows that there are fewer cells projecting ipsilaterall2004). Thus, it is possible that the Foxgl expansion in the
from the VT retina in Foxdl nulls compared with FoXd1 ventral diencephalon that results from the loss of Foxd1 affects
mice. Instead, VT RGCs project contralaterally, if they do nothe number and/or fate of specific cell types in the midline,
stall in the chiasm in Foxdl deficient mice. thereby indirectly affecting the organization of the expression
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pattern of guidance factors they express, such as Slit2. (2)Essential role of stromal mesenchyme in kidney morphogenesis revealed by
Foxdl might directly regulate the expression of transcription targeted disruption of Winged Helix transcription factor BiG2nes Dev.

. . 10, 1467-1478.
;a;?;: tﬁngg;édlafgigrgg:ﬁ;uzliielmportant for RGC groV\ml]-lerrera, E., Brown, L. Y., Aruga, J., Rachel, R. A., Dolen, G., Mikoshiba,

K., Brown, S. and Mason, C. A(2003). Zic2 patterns binocular vision by
o . . . . specifying the uncrossed retinal projecti@ell 114, 545-557.
Specificity of Foxd1 function in optic chiasm Huh, S., Hatini, V., Marcus, R. C., Li, S. C. and Lai, E(1999). Dorsal-

formation ventral patterning defects in the eye of BF-1-deficient mice associated with

We observed expansion of the Foxgl expression zone into t?fﬁa restricted loss of Shh expressirev. Biol. 211, 53-63.

. . . . . . W., Khare, S. L., Liang, X., Peters, M. A., Liu, X., Cepko, C. L. and
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