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SUMMARY

Although multiple axon guidance cues have been crucial regulator of Slitl expression in the retina. In
discovered in recent years, little is known about the addition, by examining axonal behavior in the retinas with
mechanism by which the spatiotemporal expression overexpression of Irx4 and using several in vivo assays to
patterns of the axon guidance cues are regulated in testthe effect of Slitl, we found that Slitl acts positively to
vertebrates. We report that a homeobox gendrx4 is  guide the retinal axons inside the optic fiber layer (OFL).
expressed in a pattern similar to that ofSlitl in the chicken ~ We further show that the regulation of Slitl expression by
retina. Overexpression of Irx4 led to specific Irx4 is important for providing intermediate targets for
downregulation of Slitl expression, whereas inhibition of retinal axons during their growth within the retina.

Irx4 activity by a dominant negative mutant led to

induction of Slitl expression, indicating that Irx4 is a  Key words: Irx4, Slit1, Retinal axon, Expression regulation, chick

INTRODUCTION the retina (Brittis et al., 1995; Ledig et al., 1999; Snow et al.,
1991). However, the molecular mechanisms involved in
During development, axons navigate through 3D space in longuiding the retinal axons specifically within the OFL are not
specific paths to establish neuronal connections. In visudlilly understood.
system development, one of the early events is intra-retinal Genetic, biochemical and molecular approaches have led to
axon targeting. Extended from the ganglion cells (RGC) in théhe identification of an increasing number of molecules as axon
ganglion cell layer (GCL), the axons travel in a thin optic fibeguidance cues (reviewed by Brose and Tessier-Lavigne, 2000;
layer (OFL) at the vitreal surface. Within OFL, all ganglion Mueller, 1999; Raper, 2000; Yu and Bargmann, 2001). Slit
axons project towards the optic disc at the center of the retinproteins are large secreted glycoproteins of ~200 kDa,
where they exit the eye (Fig. 1) (Halfter, 1985; Thanos andomprising four leucine rich repeats, seven to nine EGF repeats
Mey, 2001). Within the retina, the newly extended immatureand a Laminin G-like module. Three distinct Slit ger&li],
axons join and leave fascicles, producing a type o8lit2 andSlit3, have been cloned in mammals (Brose et al.,
‘honeycomb’ appearance. The axons soon mature into straigh®99; Holmes et al., 1998; Itoh et al., 1998; Li et al., 1999). In
and fasciculated axon bundles. tissue culture, Slitl and Slit2 proteins have been shown to
Several molecules have been reported to be involved in tanction as chemorepellents and collapsing factors for
central projection of retinal axons toward the optic discolfactory, motor, hippocampal and retinal axons (Erskine et al.,
Chondroitin sulfate proteoglycans, a major component of th2000; Li et al., 1999; Nguyen Ba-Charvet et al., 1999; Niclou
ECM, are suggested to act as inhibitory molecules to prevest al., 2000; Plump et al., 2002; Ringstedt et al., 2000). Slit1
the growth of retinal axons towards the periphery (Brittis et al.and Slit2 also repel tangentially migrating interneurons in the
1992). In netrin 1/DCC or the EphB ligand-deficient mousanouse telencephalon (Hu, 1999; Zhu et al., 1999). However,
embryos, RGC axon pathfinding defects have also beéBlit can also act positively on the axons. Slit2 stimulates the
observed near the optic disc (Birgbauer et al., 2000; Deiner &irmation of axon collateral branches of the sensory neurons
al., 1997). L1, receptor tyrosine phosphatase, have also be@fang et al., 1999). IBrosophilg migrating mesodermal cells
shown to be involved in axonal outgrowth or projection insidecan switch their response to Slit from repulsion to attraction
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A MATERIALS AND METHODS

In situ hybridization

Flat-mount and section in situ hybridization with the digoxigenin-
labeled probes were carried out as previously described (Bao et al.,
1999). For two-color in situ hybridization, one probe was labeled
with fluorescein-12-UTP (Roche), while the other probe was labeled
g flat mount with digoxigenin-11-UTP (Roche) by in vitro transcription. The
\ o e image samples were hybridized with both probes simultaneously. The
1 digoxigenin-labeled probe was detected first using an alkaline
" N cht phosphatase-coupled anti-digoxigenin antibody and the NBT/BCIP
e O8RS substrate. The subsequent detection of the fluorescein-labeled probe
| section was carried out by using an alkaline phosphatase-coupled anti-
Cc fluorescein antibody and developed with the Vector Red kit (Vector

Fig. 1.Intra-retinal axon targeting. (A) To facilitate analysis and Laboratories).
observation, retinas were flat-mounted by making a few cuts at the
edge. (B) The cells in the GCL and the axons in OFL can be staine CAS-Irxd and RCAS-DN-Irx4 viruses were prepared as previously

and analyzed on the flat-mount retina with the vitreal side upwards. X . > b
(C) Retinal ganglion cells in ganglion cell layer (GCL) extend axons described (Bao et al., 1999). Viral stocks a1 titer were injected

e : L to both optic vesicles at Hamburger-Hamilton (HH) stagel0-11
to optic fiber layer (OFL) where they project towards the optic disc "l : .
(OD) at the center of the retina. (~E1.5) (Hamburger and Hamilton, 1992). Electroporation was also

carried out on HH stage 10-11 chick embryos by using a square wave
electroporator CUY-21 (Nepa Gene Company). DNA (0.7-1.3 mg/ml)
mixed with the Fast Green dye (0.025%) was injected into the right
(Kramer, 2001). Robo proteins have been characterized as tbjgtic vesicle. The positive electrode was placed next to the outer side
receptors for Slits (Brose et al., 1999; Kidd et al., 1999). 1®f the right optic vesicle while the negative electrode was placed onto
mouse, Slitl, Slit2, Roboland Robo2 (from the Slit/Robo the forebrain/midbrain region of the embryo. Three pulses of 50
family) have been reported to be expressed in the ganglion c8lfeconds duration each at 15 V were applied.
layer (G_CL) in the retina (Erski.ne et al., 2000; Niclou et al.;mmunofluorescent staining
2000; Ringstedt et al., 2000). Slit1, Slit2 and Robo2 control thgnmynofluorescent staining was carried out on flat mounts of retina.
midline crossing of the axons at the optic chiasm (Hutson angikons were stained with either monoclonal antibody 270.7 (provided
Chien, 2002; Plump et al., 2002). However, their roles in intraby Dr Virginia Lee, University of Pennsylvania Medical School) or
retinal axon pathfinding remain unclear. monoclonal antibody 3A10 in the ‘gene-axon assay’. Retinas were
Interestingly, several members of the Irx homeobox gentixed in 4% paraformaldehyde, flat mounted and blocked in 10% calf
family, including Irx4, are also expressed in GCL in retinaserum DME with 0.2% Triton X-100. Primary and secondary
(Bruneau et al., 2000; Mummenhoff et al., 2001). Irx genegntibodies were diluted in the block and incubated with the samples
were identified based on the homology to Dwsophila for 4 hour_s at room temperature or at 4°C 0\_/e_rn|ght.' \ﬁral_ infection
Iroquois locus genes. The Irx genes belong to a family ofvas confirmed by immunofluorescent staining with either the

. : monoclonal antibody 3C2 (diluted 1:5) or the polyclonal antibody p27
evolutionarily conserved homeobox genes. There are three 'f PAFAS, Norwich, CT: diluted 1:10,000). Mouse monoclonal

genes irDrosophila which form the Iroquois complex (Iro-C)  antinodies against Isletl (39.4D5), neurofilament (3A10) and Myc
(Gomez-Skarmeta et al., 1996; McNeill et al., 1997). Six Irx9E10) were purchased from the Developmental Studies Hybridoma
genes Ifx1-Irx6) have been identified in mouse and humanBank (University of lowa, lowa City, IA).

which are located in two genomic clusters of three genes eachFor analysis of the electroporated samples, the retinas were
(Bosse et al., 2000; Bosse et al., 1997; Bruneau et al., 200tyrvested at E7 or E7.5, and fixed in 4% paraformaldehyde. The
Christoffels et al., 2000; Cohen et al., 2000; Peters et al., 2006}lit1-electroporated samples were co-immunostained with an anti-
The Irx genes encode transcriptional controllers that containfgurofilament antibody 270.7 and a rabbit polyclonal anti-Myc

characteristic homeodomain and a sequence motif unique §§tiPody followed by Cy3-conjugated donkey anti-mouse and FITC-
the family, Iro box. The Irx genes function early in conjugated donkey anti-rabbit secondary antibodies (Jackson

. . . N L ImmunoResearch Laboratories, West Grove, PN). Rabbit polyclonal
development to specify the identity of diverse territories of th%nti-Myc antibody was obtained from Immunczlogy COFF:SU){tantS

body, such as in the head and mesothoraRroSophila the | ahoratory (Sherwood, OR) and used at 1:500 dilutions. The control
neural plate ofXenopus vertebrate neural tube and heartGFp-electroporated samples were stained with antibody 270.7
(reviewed by Cavodeassi et al., 2001). followed by Cy3-conjugated anti-mouse secondary antibody. Images
To study the molecular mechanisms of retinal axorof anti-Myc and anti-neurofilament staining were taken from the

guidance, we used the chicken system as an in vivo modgime field and overlaid using Photoshop 6.0 software. To quantify
system because of its experimental accessibility (Nakamot#)e results, we used mouse anti-Myc antibody (9E10) instead of
1996). Using both gain-of-function and loss-of-function rabbit anti-Myc antibody for co-staining with the neurofilament. We
approaches, we found that Irx4 specifically reguleBtitl ]E:ould thustexhamlneI t[:_e transf?r(]:ted cellstand a)f(?ﬁs ;Nlthll’; thte ;am”e
expression to restrict it to a subset of cells in the ganglion Ceéjorescen channel. 10 score the percentage of the transtected cetls

etroviral injection and electroporation

laver. We have further analvzed Slitl function in intra-retina at superimpose with the axon bundles, we selected transfected
Yer. ve 1u yZ It tunction in | ' ells that were approximately in the same focal plane as the axons

axon targeting. Our results suggest that Slit1 may act positivejjhen viewed from the flat-mounts, and only in areas that had less
to guide retinal axons within the OFL. Irx4 regulationSitl  than 50% axon coverage. Cells that appeared too out of focus were
is important for the formation of the ‘honeycomb’ appearanceot included because they might be too deep to influence axon
of the immature retinal axons within the retina. pathfinding.
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RESULTS

Irx4 specifically regulates the expression of Slit in
the retina

Using in situ hybridization experiments on cryosections or flat
mounts of retina, we found that the chicker4 gene is TRt
expressed in a subset of cells in GCL throughout retine ye ¢ 1% & gy
development (Fig. 2A,B), similar to the patterns reported ir g
mouse retina (Bruneau et al., 2000; Mummenhoff et al., 2001
In addition, thdrx4-expressing cells appeared to be distributec
evenly in GCL across the retina, not concentrated in particule
sections of the retina (data not shown). Because a number ™~
SlitYRobo family genes have also been reported to be express. =~ =

in GCL in mouse (Erskine et al., 2000; Niclou et al., 2000 . &
Ringstedt et al., 2000), we examined whether similar patterri?_w' -

could be observed in the chicken retina. We found St is P

expressed in a subset of cells in GCL, not in any other layer
at E4.5, E6 and E9 (Fig. 2C,D, data not shown). Similarly
Robolis also expressed in a subset of the cells in GCL (Fic
2E). To compare the expression lof4 and Slitl in GCL o

further, we performed two-color in situ hybridization _‘M
experiments. As shown in Fig. 2F, while some cells expres e:;,_if
neither gene and a small number of cells appear to have b = o il
colors, the majority of the GCL cells express only one of th¢ 3
two genes, eitherx4 or Slitl.

In vertebrates, the underlying mechanism by which th
expression of the SIRobo family genes is regulated has not E
yet been reported. Our observation of similar expression
patterns ofrx4 and SlifRobo family genes in GCL gave us a Fig- 2.mRNA expression olx4 and theSlit/Robofamily genes in
basis to test whether there is a regulatory relationship betweéH'Cke” retina. In situ hybrldlzgtlon with various probes.on retinal
Irx4 and the SlitRobo genes. We used a retroviral vect eCt'cI’.“S: (AJrx4 prObe'.E7_ret'“|‘."“ (Byx4 probe, E12 retina;
(RCAS) to express the full-length Irx4 protein, RCAS-Irx4 C) Slitl probe, 4.5 retina; (D§lit1 probe, E6 retina; (Bobol

. A robe, E9 retina. Note thak4, Slitl andRobolare all expressed in
(Fig. 3A) (Bao et al., 1999). This viral construct can producéubsets of cells in GCL. (F) Two-color in situ hybridization on E7

replication-competent viral particles that infect proliferatingfjat-mount retina, wittlit1 (fluorescein-labeled, shown as red) and
cells and express Irx4 protein in the infected cells. Both optigx4 probes (DIG-labeled, shown as purple). Note 8iit andirx4
vesicles were injected at Hamburger-Hamilton (HH) stage 1Qare mostly localized in two distinct cell populations in GCL. Scale
11 (~E1.5) (Hamburger and Hamilton, 1992) with the viralbars: 10Qum.
stocks at appropriate titers to achieve incomplete infection
(Schulte and Cepko, 2000). The incomplete infection would
result in patches of cells infected surrounded by uninfectedverexpression affected ganglion cell specification or
area, allowing direct comparison of the area withdifferentiation, we analyzed all the GCL-specific markers
overexpression of Irx4 with the wild-type area. The infectechvailable to us, includinBrn3a Brn3b(Liu et al., 2000), RA4
retinas were harvested at embryonic day 8 (E8) and flafMcLoon and Barnes, 1989), nicotinic acetylcholine receptor
mounted for the ease of analysis and observation (Fig. 1). Aft@3 (Hernandez et al., 1995), and islet 1 (Austin et al., 1995).
in situ hybridization with various RNA probes or The expression of these markers was not altered in the samples
immunofluorescent staining by cell type-specific antibodiesinfected with the RCAS-Irx4 virus (data not shown, Fig. 3F,G).
the samples were also immunostained with an antibody specifWithin the Slit/Robo family genes, the expressionSiit2,
for viral antigen GAG to show the infected area. By comparindgRobolandRobo2was also unaffected by Irx4 overexpression
gene expression in the infected area immediately adjacent ¢(6ig. 3D,E, data not shown). These results demonstrate that
the uninfected wild-type area, we were able to assess whethex4 specifically downregulates the expressioSldfl in GCL.
any of the genes was subject to the regulation by Irx4. o . ] ]

In the uninfected area, as in the wild-type control, a subsétx4 function is required for the repression of  Slit1
of GCL cells expresse8litl at a high level, scattered among €Xpression
cells that did not expre&itl (Fig. 3B). However, the number We next examined whether Irx4 function is required for the
of cells expressinglitl was significantly reduced in the area repression ofSlitl expression in the retina. We used a
infected with RCAS-Irx4 virus (Fig. 3B,C). In the areas thatdominant-negative Irx4 construct, RCAS-DN-Irx4, which
had relatively large patches of infection, very few cellsencodes a fusion protein composed of the chicken Irx4
expressedslitl. The control virus RCAS-GFP expressing ahomeodomain and the repressor domain of Dinesophila
GFP protein did not change the expression ofSlitd gene  Engrailed protein (Fig. 3A) (Bao et al., 1999). Fusion of a
(data not shown), indicating that changeShitl expression DNA-binding domain, such as a homeodomain with the
was not merely due to viral infection. To examine whether Irx4epressor domain of Engrailed, can create a protein that

BB E,Fr:‘*;_: =
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Fig. 3.1rx4 specifically
downregulates the expression ¢ -
Slitlin GCL. (A) Replication-
competent retroviral constructs L "‘" pol
for expressing full-length Irx4 RCAS
protein (RCAS-Irx4) or "“ Dilide.
K . . DN-Irx4
dominant-negative Irx4 protein
(RCAS-DN-Irx4). (B-G) Retinas
infected with the RCAS-Irx4
virus were hybridized with the
Slitl probe (B) or Robol probe
(D), or stained with anti-Islet 1
antibody (F). All samples were
also stained with the anti-viral
GAG antibody to show the area
of infection (C,E,G). Note the
RCAS-Irx4-infected areas had
few Slitl-expressing cells
(marked with red broken lines).
The samples infected with the
dominant-negative Irx4 virus
(H,1) or the control virus
expressing only the Engrailed
repressor domain (J,K) were
similarly hybridized with the Slit1 probe (H,J) and stained with the anti-viral GAG antibody (I,K). No#ditthexpression was activated in
the areas infected with the RCAS-DN-Irx4 virus (arrowheads in H,l) but not the control virus. Scale lpan. 100

,m anti-GAG antibody

|n sntu anti-GAG antibody

interferes with transcriptional activation by the wild-typeretinal axon pathfinding in the samples with redu&idl
protein (Badiani et al.,, 1994). The retinas were similarlyexpression by infection with the RCAS-Irx4 virus. Infected
infected by RCAS-DN-Irx4 and analyzed by in situ with the RCAS-Irx4 virus or a control RCAS-GFP virus at HH
hybridization at E8. Althouglslitl was expressed in a subset stage 10-11 (E1.5) before the onset of ganglion cell
of cells in the uninfected area, the infected area appeared ddferentiation at E4, the retinas were analyzed at E7, E8 or
have substantial upregulation $litl expression. The infected E12 on flat-mounts. Because retinal axons travel in the OFL,
area appeared as round patches within which most if not dlat-mounts of retina allowed us to examine readily the
cells are expressinglitl (Fig. 3H,1). Dominant-negative Irx4 trajectory of the axons from the vitreal side. Axons were
did not have any effect on the expressiorStf2, Robolor  immunostained with an anti-neurofilament antibody (270.7,
Robo2 (data not shown). Control virus encoding only thered) and viral infection was stained using an anti-viral GAG
Engrailed repressor domain did not have any effecBldd  antibody (P27, green).
expression (Fig. 3J,K). This indicates that disruption of Irx4 E7 and E8 were chosen because different stages of axon
function can relieve the repression Siftl expression in the projection and maturation could be viewed within one retina.
cells. There is a center-to-periphery gradient in terms of progression
The negative regulatory relationship betwéed andSlitl  of cell differentiation and axon maturation, the center of the
is consistent with the two-color in situ hybridization result thatretina being relatively more advanced. As shown in Fig. 4A,
Irx4 andSlit1 are mostly expressed in distinct cell populationsaxons at the periphery of the E8 retina are relatively immature.
in GCL (Fig. 2F). Although a small number of cells appear tdarhey join and leave fascicles, producing a type of honeycomb
have both colors, it is difficult to determine whether these cellappearance. At the median to center of the retina, however, the
express both genes, or the enzyme detecting the first probe vea®ns are more mature, more fasciculated and relatively
not completely inactivated. Two-color in situ hybridization isstraight (Fig. 4B). At E7, larger area of the peripheral retina
technically difficult especially at the resolution of single-cellappears immature, whereas at E12, axons in the entire retina
level. Recently, we found th&lit1 expression decreases from appear fasciculated and straight.
E7 (data not shown). It is possible thia4 may be involved In the control virus RCAS-GFP-infected retinas, the axons
in downregulation of the expression 8fitl after the axons appeared completely normal in the infected area, suggesting
have reached the optic disc. The overlapping expression intlaat viral infection alone did not affect intra-retinal axon
small number of cells may be due to upregulatioinef and  pathfinding (Fig. 4C,D). However, in the RCAS-Irx4 virus-

downregulation ofSlitl expression at later stages. injected retinas, the axons appeared to distribute unevenly and
. ) o ) were overly fasciculated, although the axons still projected

Overexpression of Irx4 interferes with intra-retinal towards the optic disc (Fig. 4E-H; Fig. 5). Upon closer

axon targeting inspection, the areas with axonal abnormality were all within

AlthoughSilitlis known to function in axon pathfinding (Brose the regions that were infected with the RCAS-Irx4 virus. Close
et al., 1999; Kidd et al., 1999; Li et al., 1999; Nguyen Bato the border of the infected/uninfected area, the axons
Charvet et al., 1999; Wang et al., 1999), its role in intra-retinsdppeared to avoid the infected area and turned in order to be
axon guidance has not been reported. We analyzed the intia-the uninfected area (Fig. 4E,F; Fig. 5A-D). This resulted in
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uneven distribution of the axons, such that the wild-type area There is a positive correlation between the infection and
had more and denser axon bundles than did the infected ar@aonal abnormality. Most of the RCAS-Irx4-infected patches
Because the infected area had a much lower lev@litE  exhibited axonal phenotypes described above: avoidance of the
expression compared with the wild type area (Fig. 3B,C), thanfected area and excessive fasciculation. We excluded very
preference of the axons for the normal levedlifl in the wild-  small infected patches that contained less than 50 cells because
type area suggests that Slitl is likely to act positively on theve felt that the newly infected patches might not have enough
axons. time to downregulat&litl and cause a phenotype (indicated
Although the axons at the infected/uninfected bordeby an asterisk * in Fig. 5A-D). Of a total of 177 RCAS-Irx4-
appeared to turn to avoid the infected areas, the axons in thdected patches (from 38 retinas) from four independent
center of the infected area did not turn visibly (Fig. 4E-H; Figexperiments, 162 of them (91.2%) have the avoidance and
5A-D), suggesting that the axons do not respond to Slitl frofasciculation axonal phenotypes. By contrast, we never
a long range. However, many of the axons in the middle of thebserved any axonal phenotype in control RCAS-GFP-infected
infected area appeared excessively fasciculated. This fstinas (0%n=43 patches). In addition, the axons appeared to
especially evident when the axons projected perpendiculariespond to theSlitl-low area only when they were passing
through a uninfected/infected boundary (Fig. 4G,H). When théhrough it. Once they had passed, they did not move out of the
axons went from the uninfected area (Ul) to an infected areaay as the area became Slitl-negative. At later stages (such as
(Ib), the overall direction of axon projection towards the opticE12), the retinas were usually completely infected (data not
disc was not affected. However, an increase in fasciculatioshown). But the affected areas were still restricted, comparable
occurred at the boundary, which caused an abrupt decreasevoth earlier stages (Fig. 5E). These results demonstrate that
the number of axon bundles in the infected area. Becauswerexpression of Irx4 leads to abnormal retinal axon
fasciculation is generally believed to be a response ttrajectories inside the retina.
repellents, the uninfected area with normal amount nf
Slitl appeared more attractive or permissive, while
infected area with low amount of Slitl was m
repulsive or unpermissive to the axons. Howe
excessive fasciculation in infected area was
reversible. As the axons went from an infected are:
to an uninfected area (Ul), they returned to
appearance of the control with a significant increa
number of axon bundles, presumably by defascicul
(Fig. 4G,H). This suggests that the axonal abnorn
is a response to the environment, not a permi
change within the axons.

Fig. 4.Intraretinal axonal phenotype caused by RCAS-Irx4
virus infection. Retina development is more advanced in th
center than in the periphery. The axons in the wild-type E8
retina were stained with the anti-neurofilament antibody
270.7 (A,B). (A) At the periphery, axons join and leave
fascicles, producing a ‘honeycomb’ appearance. (B) Close C
to the center of the retina, the axons appear more mature
and fasciculated. (C-H) Optic vesicles were infected with
RCAS-Irx4 virus (E-H) or control RCAS-GFP (C,D) at HH
stage 10-11 (E1.5) and the infected retinas were harvested
at E8. Flat-mounts of retinas were double stained with a
mouse monoclonal antibody recognizing neurofilament
(270.7) (C,E,G) and a rabbit polyclonal antibody
recognizing viral antigen (anti-p27) (D,F,H). Images in C,E
and G are in the same fields as in D,F and H, respectively.
The broken white arrows in A-C,E,G indicate the direction
of axon projection toward the optic disc. (C,D) The axons E
in the control RCAS-GFP virus-injected retina appear
normal. (E,F) Close to the infected/uninfected boundaries,
some axons appear to turn slightly towards the uninfected
area (arrowhead in E). (G,H) In the center of the infected
area, an abrupt increase of fasciculation of the axon bundle
was observed (arrowheads in G) when axons went from a
uninfected (Ul) to an infected (Ib) area. The axons returned
to wild-type appearance when they went from infected (la)
to uninfected (Ul) area, suggesting that the changes in
axonal morphology in the infected area were reversible.
Scale bar: 10Qum.
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Slitl acts positively on the retinal axons inside the 6D,F). Interestingly, most of theSlitl-transfected cells
retina appeared to have axons passing on top of them (magenta
As vertebrate Slits have been reported mostly as repellents dircles, Fig. 6D,F). To quantify the data, we used a mouse anti-
other assay systems (Erskine et al., 2000; Li et al., 1999; Niclddyc antibody (9E10) to co-stain with the mouse anti-
et al., 2000; Plump et al., 2002; Ringstedt et al., 2000) and oneurofilament antibody (270.7) so that we were able to
results with Irx4 overexpression suggest that Slitl may aatompare the relative positions within one fluorescence
positively on the retinal axons within the retina, we set out tehannel. A total of 563 cells from 24 retinas were scored in
develop an in vivo assay for testing the effect of Slitl insidehe area that had less than 50% of axon coverage in three
the retina. Becaus8litl is too large to be expressed by aindependent experiments. Slitl-transfected cells (91.1%) have
retroviral vector, we used electroporation to deliver araxon bundles growing over them. Compared with the control
expression construct of Slitl into the optic vesicles. UnlikeGFP-transfected cells, the axons appeared to travel
retroviral infection, the transfected cells appeared as a groypeferentially above th&litl-expressing cells. These results

of scattered individual cells (Fig. 6D-G). suggest that Slitl may act positively on the growth of the

The rational behind the in vivo assay is described below. Asetinal axons.
shown in Fig. 6A, the axons travel in the very thin optic
fiber layer (OFL) above GCL. At E7, there are only
cellular layers in the retina: GCL and the deeper |
containing mainly undifferentiated cells. In fl
mounts, we were able to score the relative positio
the transfected cells in GCL with the axons in C
Other transfected cells located deeper would not
the same focal plane as the axons when viewed
the vitreal side of the flat-mounts. Because they n
be too far away to have any influence on the axon
did not score these cells. If the protein acts positi
the axons would prefer to grow on top of
transfected cells in GCL, superimposed on
transfected cells (Fig. 6B). Conversely, if the prc
acts negatively, the axons would avoid the transft
cells, thus would not be superimposed on
transfected cells (Fig. 6C). If the protein has no e
on the axons, such as a GFP protein, the axons
appear to distribute randomly relative to the posit
of the transfected cells.

As a control, we electroporated an expres
construct encoding GFP into the optic vesicles af
stage 10-11. The retinas were harvested at E7 al
axons were stained with an anti-neurofilament anti
(270.7) followed by Cy3-conjugated anti-mo
secondary antibody. Some GFP-expressing cells
clearly visible from the vitreal side of the flat-mo
retinas, approximately in the same focal plane o
axons, indicating they were the transfected cells in
(Fig. 6E,G). Other cells that were localized deepel
difficult to be seen in the focal plane of the axons

not scored. We also scored Only_ in the area with Fig. 5.Intraretinal axonal phenotype caused by RCAS-Irx4 virus infection,

than 50% of axon coverage (median to periphery ¢ jewed at lower magnification. The retinas were infected at stage 10-11 and

retina), because the axons were very dense ¢ harvested at E7 (A-D) or E12 (E,F). Axons were stained with an anti-

vicinity of optic disc. In these control samples,  neurofilament antibody (A,C,E,F), whereas the infected area was visualized

localization of the control GFP-transfected ¢ by staining with an anti-viral GAG antibody (p27) (B,D). Images in A,C are

appeared random relative to the axon bundles in the same fields as in B,D, respectively. The broken white arrows in A,C,E,F

6E,G). Forty-six percent of the control GFP-transfe indicate the direction of axon projection towards the optic disc. Note the

cells =398, from 12 retinas) have axons growing ~ &xons turned_tc_) avoid the infected area (marked with IF in A,C). However, the

top of them. N grfea th(?t eXthIte(:] phtl-:‘notype wzs_ sfmal_ler t(han tkh?j |nf_ehcteddarea. _Sokme Antle:)V\)/Iy
. . infected areas with only scattered infection (marked with and asterisk in A-

To te$t the function of S“t.l’ we electroporatec did not show axonal abnormality. (E) At E12, the retina was completely
expression construct encoding a MYC'tagged infected with the RCAS-Irx4 virus (data not shown); however, the area with
(pCS2-Slitimyc) (Wu et al., 1999) into the O] the phenotype did not expand to the entire retina. Some areas still appeared
vesicles at HH stage 10-11. The retinas were ana  normal (marked with an asterisk), indicating that axons no longer responded
at E7. TheSlitl-transfected cells were identified b to low Slit1 levels after they had passed through the area. (F) The axons in the
rabbit anti-Myc antibody, while the axons were sta  control virus RCAS-GFP-infected retina appeared completely normal at E12.
with a mouse anti-neurofilament antibody, 270.7 (  Scale bar: 20Qm.
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—vitreous 1
attractive repulsive

GCL Flat-mount
neural
retina (

Fig. 6.In vivo assay to test the function of e,
Slitl in retina. (A-C) Design of the in vivo |
assay. (A) A full-length Myc-tagged Slit1
expression construct was transfected into
retinal cells by in ovo electroporation. The
transfected cells were identified using anti-
Myc antibody (green), whereas the axons
were stained with anti-neurofilament
antibody (red). Because some transfected
cells will be localized in the cellular GCL,
immediately beneath OFL where the
retinal axons travel, we will be able to
determine the effect of Slitl on axons by
comparing the relative positions of the
Slitl-transfected cells and the axons. (B) If
Slitl is attractive to axons, axons will
preferentially overlie the Slit1-transfected
cells, appearing superimposed on the cells
(C) Alternatively, if Slitl is repulsive to
axons, the axons will avoid the transfected
cells, thus not becoming superimposed on
the cells. The actual data of Slitl
transfection are shown in D and F. Most of
the Slitl-transfected cells align with the
axon bundles (blue circles). (E,G) The
control GFP-transfected cells, however,
appear random with regard to the position
of the axons. The blue circles indicate the
cells that align accurately with the axons
while the white circles indicate the cells
that do not align with the axons. The
broken white arrows in D-G indicate the
direction of axon projection towards the
optic disc. Scale bar: 150m.

The axonal phenotype of Irx4 overexpression can be the area with RCAS-Irx4 infection but i&itl-transfected cells,
rescued by Slitl the axons were excessively fasciculated and unevenly distributed

To confirm that the axonal phenotype of Irx4 overexpression ignarked with NR in Fig. 7B), similar to the axons in the control
due to decrease8litl expression, and not other molecule(s)€xperiments in which a GFP expression construct was co-
regulated by Irx4, we tested whether Slitl could rescue th@lectroporated with the RCAS-Irx4 construct (Fig. 7E). When
phenotype. We co-electroporated RCAS-Irx4 construct with thenly a small number of Slitl-transfected cells were present, the
Slit1 expression construct in ovo at HH stage 10-11. The retin@&onal phenotype was not fully corrected but did appear
were analyzed at E8 by co-staining with anti-Myc (9E10, red)improved (Fig. 7C). Interestingly, most of the transfected cells
anti-GAG (P27, green) and anti-neurofilament (270.7, redjad axons passing on top of them (Fig. 7C). From three
antibodies to show the Slitl-transfected cells, RCAS-Irx4independent experiments, 100% of the retime23) that were
infected cells and axons, respectively. RCAS-Irx4 virus was made-electroporated with the Slitl expression construct showed
in the cells transfected with the RCAS-Irx4 construct, and rapidijnprovement in axonal appearance: axons were more even and
spread inside the retina. However, the expression construct @t as excessively fasciculated as in the retinas injected with the
Slit1 could not produce virus and Slit1 would only be expresseBCAS-Irx4 virus alone. No improvement in axonal phenotype
in the cells that were transfected. Therefore, the RCAS-Irx4¥/as observed in the samples that were co-electroporated with the
infected area was much larger than the area containirgjithe ~ GFP construct (0%)=11). These results demonstrate that Slltl_
transfected cells. Slitl-transfected cells appeared as patchest8f rescue the axonal phenotypes caused by Irx4 overexpression.
scattered cells expressing Myc-tag (Fig. 7A-C). ) ) o

In the area that had both RCAS-Irx4 infection and a larg®litl contributes to the definition of early axonal
number ofSlitl-transfected cells, the axons appeared largelpaths inside the retina
normal, evenly distributed and dense (Fig. 7A,B). However, ifo determine how the endogenous Slitl influences the retinal
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Fig. 7. Slit1 can rescue the axonal phenotype caused by
RCAS-Irx4 infection. Slitl expression construct was co-
electroporated with the RCAS-Irx4 construct. As the RCAS
Irx4-transfected cells would produce infectious viral
particles that spread inside the retina, the infected area wa
larger than thé&litl-transfected area. Note in the area wherg
a large number dslitl-transfected cells were present (R in
B; arrowheads in A,B), axonal phenotypes caused by RCA
Irx4 infection were largely corrected. However, in the area
that did not havélitl-transfected cells (marked with NR in
B), the axons were unevenly distributed and excessively
fasciculated. (C) In the area where only a small number of
Slitl-transfected cells were present, axonal phenotype wag
partially corrected. Interestingly, most of the transfected
cells appear to align accurately with the axon bundles
(arrowheads in C). The area shown in A-C was completely,
infected by RCAS-Irx4, confirmed by anti-GAG staining
(D and data not shown). (E,F) As a control, an expression
construct encoding GFP was co-electroporated with the
RCAS-Irx4 construct. Although a large number of GFP-
transfected cells were present in this area (visible over the
staining of anti-GAG antibody, arrowheads in F), GFP coul
not rescue the axonal phenotype of RCAS-Irx4 infection a
the axons appeared uneven and excessively fasciculated (
The broken white arrows in A-C,E indicate the direction of
axon projection toward the optic disc. Scale bar: | 1®0

axon trajectory, we developed another assay (‘gene-axaro longer align accurately with tt&ditl-expressing cells (Fig.
assay’) to visualize endogenouSlitl gene expression 8E). Some other factors may over-ride the influence of Slitl by
simultaneously with axon trajectory. In situ hybridization wasthis stage. In addition, the gene-axon assay is also useful for
carried out on flat-mount retinas with t8t1 probe, followed distinguishing the cell type that is expressiiil in GCL.
by immunofluorescent staining of axons by an antiBecause of a lack of suitable molecular markers for the two
neurofilament antibody 3A10. 3A10 was selected because tigpes of cells in GCL: ganglion cells and displaced amacrine
was able to recognize the denatured neurofilament antigen aftalls, it remains unclear which cell type is expressititl.
in situ hybridization procedure. From the result of the gene-axon assay, the axons appear to
Under a fluorescent microscope, we were able to observe tegtend from the cells that are not expressihig (marked with
axons that were fluorescently labeled as well as the dark in sigu'?’ in Fig. 8D), andSlitl-expressing cells do not have axons
hybridization signals of theSlitl gene (Fig. 8A-E). The (marked with an asterisk in Fig. 8C,D). This result suggests
staining of 3A10 appeared somewhat fragmented, possibipat Slitl is likely to be expressed in the cells without axons,
because the neurofilament antigen was partially digested lye. the displaced amacrine cells, but not in the ganglion cells.
treatment of proteinase K during in situ hybridization
procedures. As shown in Fig. 8A-D, most of the growth cones
of the elongating axons pointed directly toward the cellDISCUSSION
expressinglitl (arrowheads) and the axons traveled on top of
the Slitl-expressing cells (Fig. 8A,B). These results supportn summary, we have shown that Slitl plays an important role
our electroporation data that the endogenous Slitl appearsitointra-retinal axon targeting by providing intermediate targets
act positively on the retinal axons. Because several axons the retinal axons in OFL. We further demonstrate $iiét
converge on oné&litl-positive cell, and then leave separatelyexpression in GCL is regulated by a homeodomain protein,
to go to the nex®litl-positive cells (Fig. 8A,B), the interaction Irx4. Because multiple guidance cues and many axons are
of the growth cones and Slitl appears to contribute to theresent in vivo, precise spatiotemporal regulation of these
production of the honeycomb appearance of the early retinguidance cues and receptors ensures correct axon pathfinding
axons (see model, Fig. 8F). These results suggest that Slitlthree-dimensional space.Dmosophilg it has been reported
provides intermediate targets for the retinal axons to travehat transcription factors including Single-minded, Fish-hook,
through the optic fiber layer. Drifter and Lola are involved in regulating the expression of
However, as the axons mature into relatively straight thickhe Slit gene in the midline (Crowner et al., 2002; Ma et al.,
bundles, similar to those close to the center of the retina, th&000). However, in vertebrates, the mechanisms by which the
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expression of the Slit/Robo family genes is regulated have nete have shown that Slitl can correct the axonal phenotype that
yet been reported. We have shown that Irx4 participates iresults from Irx4 overexpression, suggesting that the axonal
regulation ofSlitl expression in the retina by using both gain-phenotype is due to decreasslitl expression. Second, we
of-function and loss-of-function approaches. However, ouhave shown that retinal axons preferentially travel above the
two-color hybridization results also indicate that additionalcells that are expressing Slitl by in vivo electroporation. Third,
proteins may be involved in repressionSiitl expression in by gene-axon assay, we have shown that retinal axons project
GCL, because there are cells that express nditleor Slitl.  towards the cells that are expressBigl endogenously and

We now have evidence that other Irx proteins are involved ithat axons align with th&8litl-expressing cells. These results
regulation ofSlitl gene expression in GCL (Z. J. and Z.-Z. B., support the idea that Slit1 functions as a positive factor to the
unpublished). Therefore, the dominant-negative Irx4 construcetinal axons within the retina.

probably acts as dominant-negative for other Irx proteins as Because of the complex situation in vivo, we chose to use

well. Further study is required to understand the significancthe word ‘positive’ instead of ‘attractive’. In vivo, several axon

of the involvement of multiple Irx genes in regulationSiit1

expression.

guidance cues co-exist in 3D space. The direction of the axonal
projection may be a response to the sum of all the guidance

Irx genes have been shown to function to subdivideues present in the environment. Although the distinction is
territories into smaller domains. In our study, we have shownften blurred, ‘positive’ may be more a description of the
that Irx4 regulates gene expression in a subset of cells in

the GCL instead of specifying domains. In the san
infected with either the RCAS-Irx4 or RCAS-DN-Irx4,
obvious changes in retinal cell differentiation have |
detected. As the Engrailed repressor fusion construct
as a dominant-negative of the full length Irx4, Irx4 is r
probably a transcription activator. Regulation 8litl
expression by Irx4 is therefore indirect, mediated thrt
another transcription repressor. It is also interesting tc
that the area with decreas@&litl expression by Irx
overexpression matched well with the area of -
infection, indicating a relatively rapid response to

overexpression.

Most guidance cues are now known to be bi-functic
they can act positively as attractants for one navigat
event and negatively as repellents for another (Mu
1999; Song and Poo, 1999; Tessier-Lavigne and Goot
1996). Recent findings indicate that this bi-function:
can be attributed to differential receptor activation (F
et al., 1999) or different levels of second messengers
neuronal cytoplasm, such as the levels of cytopla
cAMP/cGMP (Song and Poo, 2001). Many extracell
ligands, including neuromodulators, adhesion mole:
and ECM components, can change the level of c
nucleotides and are thus capable of modulating
navigation when they are present concurrently with
guidance cue (Hopker et al., 1999; Nguyen-Ba-Chan
al., 2001). Interestingly, the same guidance cue car
serve as attractant and repellent for different parts (de
versus axon) of the same neuron (Polleux et al., 2
Thus, the bi-functionality of guidance molecules refl
more the status of the neuron than an intrinsic prope
the molecule.

Like most of the guidance cues, Slit can act as a rep
or as an attractant, although mostly as a repellent (|
et al., 1999; Hu, 1999; Kidd et al., 1999; Kramer, 200
et al., 1999; Nguyen Ba-Charvet et al., 1999; Wang ¢
1999; Wu et al., 1999; Yuan et al., 1999). It can alsi
both as a short-range and a long-range cue (Kidd
1999; Rajagopalan et al., 2000; Simpson et al., 2
Several lines of evidence in our study suggest that
acts positively on chicken retinal axons inside the re
First, we have shown that the retinal axons ‘prefer’ the
with normal amount of Slitl to the area with low Slit1 -
results from overexpression of Irx4. By rescue experir

. Slitl-expressing
cell

Irxd-expresaing
oD e cell

@ e
=X
e .9

OFL
GCL

F

Fig. 8.Slit1 defines the trajectory of the early retinal axons in OFL. In situ
hybridization was carried out on E7 retinas with &€l probe, followed

by immunofluorescent staining of axons. The cells positive foBlitle

probe appear purple in the bright-field image (B) but appear as dark spots
in the fluorescent images (A,C,D,E). Note the growth cones of the
elongating axons appear to project straight towardSliteexpressing

cells (arrowheads in C,D), and the early retinal axon trajectories
superimposed on th#litl-positive cells (arrowheads in A,B). In addition,
Slitl-expressing cells did not appear to have axons (marked with an
asterisk in C,D), and axons are likely to be extended from the cells that are
negative forSlitl expression (marked with ‘?" in D). (E) Close to the optic
disc, more mature axons do not align accurately wittStit&-expressing

cells. (F) Working model of the role of Slitl and Irx4 in intra-retinal axon
targeting.
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axonal response than of the internal property of the axoreside. ThereforeSlitl does not appear to be expressed in
guidance cues. ‘Positive’ also includes both ‘permissive’ anaieuroepithelial or Mdiller glial cells, but in displaced amacrine
‘attractive’ (Dodd and Jessell, 1988; Goodman, 1996). Undesells, based on the results of the gene-axon assay. Whether
the current assay systems, we cannot distinguish whether tHesplaced amacrine cells also have ‘endfeet-like’ structures that
actions of Slitl are ‘permissive’ or ‘attractive’. might be observed in the electron microscopy with the growth
Slitl has previously been shown to act negatively on theones is unclear. In addition, we also found that retinal axons
retinal axons by gel culture assay (Plump et al., 2002). lat later stages did not align accurately withSkitl-expressing
addition, Slitl has also been shown to act positively to increasells. It is possible that at later stages, axon bundles are
dendritic growth and branching of the cortical cells (Whitfordpositioned immediately adjacent to neuroepithelial endfeet
et al., 2002). Several factors may account for the differencesstead of theSlitl-expressing amacrine cells.
among these results. One possibility is that different Interestingly, our results also suggest that the retinal axons
extracellular matrix proteins may be present in different assaygeem to avoid areas in the retina with low Slitl expression.
or different biological systems. The composition of theDetermining whether Slit2 provides the source for repulsion in
extracellular matrix is not completely clear in the OFL of thethese areas in the GCL, &§t2 expression is not affected by
retina. It is possible that these ECM factors may modify thérx4 overexpression, requires further study. It is possible that a
function of Slit1. Extracellular matrix proteins such as lamininbalance between attractive and repulsive forces is required to
have been shown to modulate the function of axon guidana@nsure that the retinal axons travel through the optic fiber layer
cues including netrin 1 and Slit2 (Hopker et al., 1999; Nguyenat the precise depth, without diving into the deeper layers of
Ba-Charvet et al., 2001). In addition, the function of Slit1 maythe retina or fraying towards the lens.
also be modulated by proteolytic cleavage. Slit2 is
proteolytically cleaved into N-terminal and C-terminal We thank Virginia Lee, Lin Gan, Marc Ballivet and Amy Chen for
fragments (Brose et al., 1999). In cultured DRG neurons, th@ﬂtlb_odles and probes; and Cliff Tabl_n and Neal _Sllverman for critical
N-terminal fragment (140 kDa) of Slit2 was found to promote’ ejsk']’;% Ol\f/lgtljeicg:alr;u;i(tjﬂgl (1:'h||§ \?vo;i ?/\r/]alsnvseusglr?;rttgcioifnth;art‘ot\;\;arg
axon brar]chlng and elonganon,. Whgreas the_fgll—length Slit llowship to Z.-Z. B. from the American Association of University
was inactive and may aCtl.Ja”y I.nhl.blt the activity of S'I|t2-N Women, a grant from Charles H. Hood Foundation and a start-up fund
(Wang et al., 1999). Like Slit2, Slitl is also post-translationallytom UMMS.
cleaved (Brose et al., 1999; Whitford et al., 2002; Yuan et al.,
1999), although the effect of proteolytic cleavage on Slitl
function has not been reported. Interestingly, there is eviden&®EFERENCES
that the Slit proteins may be processed differently in different
cells (Brose et al., 1999; Whitford et al., 2002). Hence, this cafystin. C. P., Feldman, D. E,, Ida, J. A, Jr and Cepko, C. L(1995).

R ; p Vertebrate retinal ganglion cells are selected from competent progenitors by
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