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Axons are guided to their targets by molecular cues expressed in their environment. How is the presence of these cues regulated? Although some
evidence indicates that morphogens establish guidance cue expression as part of their role in patterning tissues, an important question is
whether morphogens are then required to maintain guidance signals. We found that fibroblast growth factor (FGF) signaling sustains the
expression of two guidance cues, semaphorin3A (xsema3A) and slit1 (xslit1), throughout the period of Xenopus optic tract development. With
FGF receptor inhibition, xsema3A and xslit1 levels were rapidly diminished, and retinal ganglion cell axons arrested in the mid-diencephalon,
before reaching their target. Importantly, direct downregulation of XSema3A and XSlit1 mostly phenocopied this axon guidance defect. Thus,
FGFs promote continued presence of specific guidance cues critical for normal optic tract development, suggesting a second later role for
morphogens, independent of tissue patterning, in maintaining select cues by acting to regulate their transcription.

Introduction
Guiding axons to their target is a critical component of establish-
ing the correct connectivity within a nervous system and involves
the growth cone at the tip of the extending axon receiving direc-
tional information from molecular cues in its environment. Con-
siderable progress has been made in identifying these cues
(Chilton, 2006), but how they come to be expressed at the right
time and place to influence axonal trajectories is poorly under-
stood (Butler and Tear, 2007; Erskine and Herrera, 2007; Polleux
et al., 2007).

In particular, there is limited understanding of the regulation
of guidance cue expression by extrinsic factors, although we have
some insight into the patterning of the midbrain in the early
embryo by members of the fibroblast growth factor (FGF) family
of secreted signaling molecules (Thisse and Thisse, 2005). Here,
FGFs initiate expression of a semaphorin and ephrins as part of
their role as tissue organizers (Lee et al., 1997; Shamim et al.,
1999; Yamauchi et al., 2009). These studies suggest that extrinsic
signaling molecules can establish the constellation of guidance
cues as part of an overall cell identity program. An important
issue then is, once initiated, does guidance cue expression need to
be actively maintained by an extrinsic mechanism, and, if so, are

well established patterning molecules such as FGFs active partic-
ipants in the process?

In the developing visual system of Xenopus laevis, retinal
ganglion cell (RGC) axons travel from the eye to their main
contralateral target in the brain, the optic tectum. En route,
RGC axons rely on cues expressed by the developing neuroep-
ithelium to guide them through key decision points (Erskine
and Herrera, 2007). The expression of FGFs and their recep-
tors (FGFRs) is maintained late in development, after the
Xenopus brain is essentially patterned, and during the period
of optic tract growth and guidance (Golub et al., 2000; Bachy
et al., 2001; Bachy et al., 2002). This led us to ask whether, in
addition to their early role in patterning the neuroepithelium
(Hongo et al., 1999), FGFs could play a later role in specifically
maintaining the expression of guidance cues important for
optic tract development.

Here we show that general inhibition of FGFR function just
before optic tract development results in an axon guidance defect
whereby RGC axons fail to navigate a caudal turn in the mid-
diencephalon. Intriguingly, the same inhibition of FGFR activation
results in a rapid and dramatic decrease in the expression of xslit1
and xsema3A (X. laevis homologs of slit1 and semaphorin3A), repul-
sive axon guidance molecules found normally just anterior to this
turn site in the diencephalon. In contrast, ectopic FGF signaling
promotes the expression of these two axon guidance cues. Impor-
tantly, targeted downregulation of xslit1 and xsema3A levels re-
sults in an RGC axon guidance defect that phenocopies the main
error observed with FGFR inhibition. These findings suggest that,
in addition to their early roles in establishing the pattern of gene
expression across the neuroepithelium, FGFs play a late role in
maintaining the expression of specific axon guidance molecules
required for optic tract development.
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Materials and Methods
Animals. Embryos were generated by in vitro fertilization of eggs obtained
from adult female X. laevis injected with human chorionic gonadotropin
(Intervet). Embryos were kept in 0.1� Marc’s modified Ringer’s solution
(0.1 M NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, and 5 mM HEPES, pH 7.5)
with the temperature varied between 16°C and 24°C to control their speed of
development and were staged according to Nieuwkoop and Faber (1994).

SU5402 and sFGFR3 IIIc/Fc exposed brain preparations. The exposed
brain preparation was performed as described previously (Chien et al.,
1993). The skin and dura covering the left side of the brain of anesthe-
tized stage 33/34 embryos were removed, exposing the entire anterior brain
on the left side of the embryo as far caudally as the posterior optic tectum,
and the embryos were incubated in the FGFR-specific inhibitor SU5402
(3-[3-(2-carboxyethyl)-4-methylpyrrol-2-methylidenyl]-2-indolinone)
(100 �M; Calbiochem) or a control modified Barth’s saline solution [sup-
plemented with 0.3% dimethylsulfoxide (DMSO)] for 22 h until they
reached stage 40. Embryos were processed for in situ hybridization or
visualization of the optic projection. In the long-exposure experiments,
an additional 7 h (29 h total) passed before optic tract labeling. In a
separate set of experiments, embryos were incubated in a 20 �g/ml solu-
tion of the soluble mouse FGFR3 IIIc/Fc protein (sFGFR3; R & D Sys-
tems), consisting of the extracellular domain of the mouse FGFR3 (IIIc)
protein fused with the C-terminal Fc region of human IgG. Multiple
independent sets of exposures were performed for each study.

Visualization and analysis of the optic projection. RGC axons were an-
terogradely labeled using horseradish peroxidase (HRP) (type IV; Sigma)
dissolved in 1% lysolecithin (Sigma) and a diaminobenzidine (DAB)
(Sigma) reaction as described previously (Cornel and Holt, 1992;
Webber et al., 2002). The brains were then postfixed in 1% glutaralde-
hyde, dehydrated, cleared with 2:1 benzyl benzoate/benzyl alcohol, and
mounted in Permount (Thermo Fisher Scientific) under a coverslip sup-
ported by two reinforcements (Avery Office products). Optic projections
were photographed on the Axioplan2 compound microscope (Carl
Zeiss) using the SpotII camera and Spot advanced software (Diagnostic
Instruments) and minimally processed for brightness and contrast using
Adobe Photoshop (Adobe Systems). The images in Figures 2 and 6 were
generated by merging a series of images of different focal planes using
Adobe Photoshop.

For quantitative analysis of optic tract defects, images of the brains
were projected from a Stemi SVII stereomicroscope (Carl Zeiss) onto a
computer screen and then traced onto transparencies. Only samples that
were mounted without significant rolling and had well filled tracts were
used in the analysis. The tracings were scanned using a Canoscan LiDE30
scanner (Canon) to produce digital images, and the brains were normal-
ized using macros written in NIH Image software (Chien et al., 1993).
These macros were also applied to measure the optic tract width ratio,
which was used to quantitate the “arrested-at-turn” phenotype (see Fig.
2 E). Briefly, 10 evenly spaced concentric rings were overlaid on each
image originating at the chiasm and terminating at the midbrain– hind-
brain boundary. The widths of the optic tract at the third ( y) and fifth (x)
rings, framing the mid-diencephalic turn in control optic projections,
were measured, and the width ratio x/y was calculated. Brain tracing and
analysis were done in a blinded manner. SigmaStat version 3.0 was used
for parametric statistical analysis of optic tract width ratio data.

Electroporations. Electroporations were performed as described previ-
ously (Haas et al., 2002; Chen et al., 2007). A borosilicate glass needle
pulled on an electrode puller was used with a Picospritzer II (General
Valve) to inject DNA or a 250 –500 �M oligonucleotide solution into the
central brain ventricle of anesthetized stage 27/28 embryos. Two custom-
made platinum-wire electrodes, spaced 4 mm apart, were placed on ei-
ther side of the head of the embryo, and a Grass Technologies S44
stimulator was used to apply 10 square, 50 ms, 50 V pulses, spaced 1 s
apart. For xfgf8 electroporations, embryos were incubated overnight at
20°C and then prepared for in situ hybridization. For the oligonucleotide
experiments (see below), the contralateral optic tract was labeled with
HRP once the embryos reached stage 39.

Whole-mount in situ hybridization. Embryos were fixed in MEMFA
[0.1 M 3-(N-morpholino)-propanesulfonic acid, pH 7, 2 mM EGTA, 1

mM MgSO4, and 3.7% formaldehyde] for 1–2 h and then subsequently
stored in EtOH at �20°C. For in situ hybridization reactions after treat-
ments, one treatment group had their tails clipped for identification, and
then control and treated groups were pooled for consistent processing.
For in situ hybridizations with HRP-labeled optic tracts, the HRP label-
ing was performed as described above, except MEMFA was used for
fixation and the embryos were not cleared.

Probe synthesis and in situ hybridizations were performed as outlined
by Sive et al. (1998). The following plasmids were linearized and used as
templates for the synthesis of digoxigenin (Roche)-labeled RNA probes
[constructs: pBSK–xfgfr1 made by J. Johnston (University of Calgary,
Calgary, AB, Canada) from GenBank accession number NM_001090864;
pBSK–xfgfr2, pBSK–xfgfr3, and pBSK–xfgfr4 from M. Servetnick (Uni-
versity of Washington, Bothell, WA) (personal communication) (Golub
et al., 2000); pGEMT–xlhx1, pGEMT–xlhx2, pGEMT–xlhx5, and
pKSM1.3–xdll3 from S. Retaux (Institut Alfred Fessard, Gif sur Yvette,
France) (Bachy et al., 2001); pCMVSPORT6 –xslit1 from GenBank acces-
sion number BC044982; xslit2 from J. Wu (Northwestern University
School of Medicine, Chicago, IL) (Chen et al., 2000); and PCRII–
xsema3A (GenBank accession number NM_001085855.1), from nucleo-
tides 1–1616]. Images of whole-mount brains were taken with the
AxioCam HRc (Carl Zeiss) on the Stemi SVII stereomicroscope (Carl
Zeiss). Minimal processing of images for brightness and contrast was
done with Adobe Photoshop. For analysis, embryos were scored from 1
to 3, with 1 indicating light staining and 3 indicating dark staining. Im-
portantly, the assignment of scores was performed blind to the treatment
of the embryos. Each experiment was performed a minimum of two
times, and the average score was calculated for each condition. SigmaStat
version 3.0 was used for nonparametric statistical analysis of intensity
scores.

Reverse transcription-PCR conditions and primers. RNA isolation and
cDNA synthesis was performed as described previously (Bertolesi et al.,
2008). For comparison of xsema3A expression between DMSO- and
SU5402-treated embryos, 36 forebrains were excised from each group for
RNA isolation. For comparison of xslit1 and xsema3A expression in gfp
and xfgf8 electroporated embryos, 35 whole brains were excised from
each group for RNA isolation. For each study, a minimum of three PCR
reactions was performed using at least two cDNA samples obtained in
independent experiments. The following primers and conditions were
used in PCR amplifications: EF1�, primer sequences as described previ-
ously (Sindelka et al., 2006), 26 cycles, annealing temperature (Ta) of
56°C; sema3A-F, GenBank accession number NM_001085855.1, nucle-
otides 611– 631, and sema3A-R, nucleotides 1596 –1616, 30 cycles, Ta �
58°C; slit1-F, GenBank accession number NM_001087109, nucleotides
3309 –3329, and slit1-R, nucleotides 3511–3531, 35 cycles, Ta � 56°C.
Densitometric analyses of reverse transcription (RT)-PCR results were
obtained using the public domain NIH ImageJ software version 1.40g.

Antisense oligonucleotides. Sense (S) and antisense (AS) modified oligonu-
cleotides were synthesized based on the X. laevis mRNA sequences for
xsema3A (GenBank accession number NM_001085855.1, nucleotides 209 –
231) and xslit1 (GenBank accession number NM_001087109.1, nucleo-
tides 719 –741). Chemical modifications on the oligonucleotides to resist
enzymatic degradation have been reported previously (Lennox et al.,
2006). Briefly, oligonucleotides contained a 6-carboxyfluorescein-
aminohexylphosphate (6-FAM) or alternatively 6-carboxy-1,4-di-
chloro-2�,4�,5�,7�-tetrachlorofluorescein at the 5� end, plus five
nucleotides on either end with 2�-O-methyl (2�OMe) sugar modifica-
tions and an internucleoside linkage backbone with phosphorothioates
(PS) to resist nuclease degradation [6-FAM–5 (2�OMe)–13 PS–5
(2�OMe)].

To confirm that the antisense oligonucleotides were correctly target-
ing xsema3A and xslit1 mRNA, we used blastomere injections, followed
by a Western blot (for xsema3A) and brain electroporations, followed by
RT-PCR (for xslit1). Both blastomeres of a two-cell stage X. laevis embryo
were injected with �10 nl of solution containing 20 �M of the sense or
antisense modified oligonucleotides (170 –380 nM oligonucleotides
within the embryos). At stage 23, embryos were homogenized in RIPA
buffer, and protein extracts were analyzed by Western blot. One hundred
fifty micrograms of protein per lane were separated on 10% polyacryl-

686 • J. Neurosci., January 13, 2010 • 30(2):685– 693 Atkinson-Leadbeater et al. • FGFs Maintain Axon Guidance Cue Expression



amide gels, transferred to polyvinylidene difluoride membranes (Bio-
Rad), and immunoblotted with anti-Sema3A (Ab23393; 1:1000 dilution;
Abcam) and anti-actin (C-11; 1:1000 dilution; Santa Cruz Biotech-
nology). Specific peroxidase-conjugated secondary antibodies were
used to detect protein expression by enhanced chemiluminescence
(PerkinElmer Life and Analytical Sciences). We observed diminished
XSema3A proteins levels in the xsema3A-AS-injected group compared
with the xsema3A-S-injected or untreated control groups (data not
shown). Because there is no antibody against XSlit1 available, we con-
firmed that xslit1-AS oligonucleotides diminished xslit1 mRNA levels by
performing RT-PCR (methods described above) for xslit1 on �10 brains
electroporated with either xslit1-AS or xsema3A-S oligonucleotides. We
observed a decrease in xslit1 mRNA levels in embryos treated with
xslit1-AS oligonucleotides compared with xsema3A-S electroporated
controls (data not shown).

Results
RGC axons fail to navigate through the mid-diencephalon
when FGFR activity is inhibited in the neuroepithelium
Previously, we showed that FGFs can directly repel RGC axons in
vivo and in vitro (Webber et al., 2003). In trying to identify FGFs
that act endogenously on RGC axons, we made the intriguing
observation that, whereas FGF8 can repel RGC axons when it is
ectopically introduced in their path in vivo, RGC axons show no
demonstrable direct response to FGF8 in vitro (C. Webber and S.
McFarlane, unpublished observations). A likely explanation is
that, in vivo, FGF8 influences RGC axons indirectly by driving
neuroepithelial cells to produce a factor that repels these axons.
This led to a model whereby FGFs guide RGC axons both by
acting directly on them to promote growth and target recognition
(McFarlane et al., 1995, 1996; Webber et al., 2003) and indirectly
by controlling the normal expression of molecular guidance cues.

As a first step toward determining whether FGF signaling is
required indirectly to promote RGC axon guidance, we examined
the expression of all four identified X. laevis FGFRs (xfgfr1–
xfgfr4) (Hongo et al., 1999; Golub et al., 2000) (M. Servetnick,
personal communication) relative to the developing optic tract
by in situ hybridization (Fig. 1). The optic tract was visualized
throughout its development (Fig. 1A) by anterogradely labeling
RGC axons at different embryonic stages with HRP, followed by
a DAB reaction for visualization in whole-mount preparations
(Chien et al., 1993). We observed that each xfgfr is expressed in a
unique pattern (Fig. 1B–E), and these patterns were maintained
throughout the period of optic tract development (data not
shown). Furthermore, at every point along the optic tract (par-
ticularly key decision points such as the optic chiasm, the turn in
the mid-diencephalon, and the major target, the optic tectum),
there is an xfgfr expressed in neighboring neuroepithelial tissue.
For example, xfgfr1 and xfgfr2 are present anterior to developing
RGC axons as they come across the ventral surface of the fore-
brain at the optic chiasm (Fig. 1B,C), and xfgfr1, xfgfr3, and xfgfr4
are present in the optic tectum (Fig. 1B,D,E). Interestingly, all
four xfgfrs are expressed either dorsal to or anterior to RGC axons
as they navigate the caudal turn in the mid-diencephalon (Fig.
1B–E, asterisks). Therefore, FGFRs are positioned such that they
could regulate guidance cue expression important for optic tract
development.

We inhibited FGFR function and examined subsequent devel-
opment of the optic tract to test our hypothesis that FGF signaling
in the neuroepithelium is required in a non-cell-autonomous
manner for RGC axon guidance. To avoid possible redundant
actions of the multiple xfgfrs present near developing RGC axons,
we turned to an approach that could inhibit all XFGFRs simul-
taneously: we exposed the developing optic tract and sur-

rounding neuroepithelium to the well characterized FGFR
inhibitor SU5402 (Mohammadi et al., 1997). SU5402 binds and
induces a conformational change within the highly conserved
nucleotide binding site of FGFRs (Mohammadi et al., 1997). We
used a dose (100 �M) within the range used in other Xenopus
studies to specifically inhibit FGF signaling in vivo (Delaune et al.,
2005; Atkinson-Leadbeater et al., 2009). The onset of FGFR inhi-
bition was delayed until stage 33/34, just before the first axons
enter the contralateral brain, and in this way the role of FGFs in
early brain patterning was left intact (Hongo et al., 1999; Hard-
castle et al., 2000). After surgical exposure of the anterior neuro-
epithelium, embryos were incubated in a solution containing
SU5402 and DMSO or DMSO alone as a control, until they
reached stage 39 or 40 (22 h later), the stage by which the majority
of RGC axons have innervated the tectum (Chien et al., 1993;
Zhang et al., 1998). The optic projection was then anterogradely
labeled with HRP.

As observed previously, in the mid-diencephalon, control-
treated RGC axons turned posteriorly toward the tectum (Chien
et al., 1993) (Fig. 2A, asterisk), but, after exposure to the FGFR
inhibitor, the majority of axons stopped at this turn site (Fig.
2B,C): in severe cases, almost all the axons stopped, and in milder
cases, less than half the axons carried on to the optic tectum. This
novel arrested-at-turn phenotype was observed in more than half
of the inhibitor-treated embryos (63%, n � 23) and only occa-

Figure 1. fgfrs are expressed adjacent to the developing optic tract. A, Schematic illustrating
where along the optic tract the first RGC axons have reached at each stage of embryonic devel-
opment. B–E, Lateral whole-mount views of stage 35/36 X. laevis brains in which expression of
four fgfrs (xfgfr1–xgfgr4 ) was determined by in situ hybridization (blue staining). HRP followed
by a DAB reaction was used to anterogradely label RGC axons from the contralateral eye (brown
fibers). Asterisks indicate the location where RGC axons make a caudal turn in the mid-
diencephalon, and dashed lines in B–E delineate the approximate rostral boundary of the optic
tectum. chi, Optic chiasm; di, diencephalon; mhb, midbrain– hindbrain border; tec, optic tec-
tum; tel, telencephalon. Scale bar, 100 �m.
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sionally in control-treated embryos (13%,
n � 24). To quantify these observations,
the width of each optic tract was measured
before and after the mid-diencephalic
turn, and the post-turn to pre-turn ratio
was calculated (Fig. 2E): if fewer axons
continued on past the mid-diencephalon,
then the width of the tract would be corre-
spondingly diminished. After 22 h of expo-
sure, the average ratio was significantly
smaller in inhibitor-treated embryos com-
pared with controls, suggesting that fewer
axons occupied the optic tract beyond the
turn (for control vs SU5402, 22 h exposure,
p � 0.014, Newman–Keuls post hoc test)
(Fig. 2F).

FGFs also promote RGC axon out-
growth in vivo (McFarlane et al., 1996);
thus, it was important to confirm that the
arrested-at-turn phenotype was an axon
guidance defect and not simply a reflec-
tion of a slowed rate of axon extension.
This seemed unlikely given that the phe-
notype, in which the majority of axons
collect at the mid-diencephalic turn, was
clearly different from that of an immature
or more slowly growing tract, in which
axon tips spread out at various positions
along the tract (compare tracts in Fig.
2B,C with young tracts Fig. 1). Nonethe-
less, to further exclude the possibility of
the phenotype being attributable to axon
outgrowth defects, SU5402-treated brain
exposures were left for an additional 7 h
(30% longer). If slowed growth was the
cause of the arrested-at-turn phenotype,
then rescue would be expected if optic projections were given
more time to grow beyond the mid-diencephalon. However, after
29 h of exposure, the phenotype was still present: 53% of
inhibitor-treated embryos (n � 19) displayed the arrested-at-
turn phenotype compared with only 8% of controls (n � 25), and
this was supported by a post-turn and pre-turn analysis of the
optic tract width ( p � 0.001 for control vs SU5402, 29 h expo-
sure, Newman–Keuls post hoc test) (Fig. 2F). In summary, FGFR
inhibition during optic tract development causes RGC axons to
collect in the mid-diencephalon at the point where they typically
turn. Given that this phenotype was not observed previously with
a dominant-negative FGFR expressed within RGC growth cones
(McFarlane et al., 1996), it argues for a non-cell-autonomous
role of FGFR signaling in RGC axon guidance.

To confirm that the arrested-at-turn phenotype is attributable
to a specific effect of SU5402 on FGFRs, FGF signaling was inhib-
ited by applying a soluble FGFR (sFGFR3) in the exposed brain
preparation. sFGFRs bind FGF ligands and prevent them from
interacting with the endogenous membrane-bound FGFRs
(Fukuchi-Shimogori and Grove, 2001). The arrested-at-turn
phenotype was observed in 50% of embryos incubated in 20
�g/ml recombinant mouse sFGFR3 (n � 26) (Fig. 2D) compared
with only 3% (n � 31) in control PBS-treated embryos. Further-
more, there was a significant decrease in the pre-turn to post-turn
width ratio, arguing that the arrested-at-turn phenotype results
from specific inhibition of FGF signaling [optic tract width ratio
for control-treated embryos (n � 31) was 0.8 � 0.3 and for

sFGFR3-treated embryos (n � 26) was 0.6 � 0.5; p � 0.032,
unpaired Student’s t test].

Inhibition of FGFR signaling results in specific and rapid
downregulation of the guidance molecules xsema3A and
xslit1
What guidance cues might FGF signaling control that guide RGC
axons through the turn in the mid-diencephalon? To address this
issue, we used a candidate gene approach. The mid-diencephalic
turn is a known guidance choice point for RGC axons (Chien et
al., 1993; Webber et al., 2003; Chen et al., 2007), yet the identity of
the cues required by RGC axons to navigate this turn is unclear.
At minimum, candidate cues needed to be expressed in the vicin-
ity of the developing optic tract and their receptors present in
RGCs. Expression studies from our laboratory and others re-
vealed that members of the slit and semaphorin families are ex-
pressed around the mid-diencephalic turn (Campbell et al., 2001;
Piper et al., 2006; Hocking et al., 2009). Furthermore, their re-
spective robo (for slit) and neuropilin and plexin (for semaphorin)
receptors are present in developing RGCs (Campbell et al., 2001;
Piper et al., 2006; Hocking et al., 2009). Specifically, xsema3A
and xslit1 expressed in the telencephalon anterior to the mid-
diencephalic turn could repel RGC axons from the turn toward
the tectum, and xslit1 and xslit2 expressed in the dorsal dienceph-
alon could prevent RGC axons from growing dorsally toward
the pineal gland (Campbell et al., 2001; Piper et al., 2006)
(Fig. 3A,C,E). As such, we examined whether their expression is
regulated by FGF signaling.

Figure 2. RGC axons terminate in the mid-diencephalon when FGF signaling is inhibited. A–D, Representative examples of
whole-mount stage 40 brains in which RGC axons have been labeled with HRP. Stage 33/34 embryos were exposed to control
DMSO (A), 100 �M SU5402 solution (B, C), or 20 �g/ml recombinant mouse sFGFR3/IIIc (D). With global inhibition of FGF signaling,
most axons stop at the mid-diencephalic turn, and only some grow past en route to the optic tectum. Note that brain in C is
mounted slightly ventrally compared with brains in A and B. E, Schematic illustrating optic tract width ratio analysis: 10 evenly
spaced concentric rings were overlaid on normalized brains, originating at the chiasm and terminating at the midbrain– hindbrain
border (2 easily identifiable morphological landmarks, 5 rings shown here). The width of the optic tract at the third ( y) and fifth (x)
ring was measured, and the ratio of x/y was calculated for each embryo as an estimate of the number of axons that navigated
beyond the turn. F, Average optic tract width ratio for embryos exposed to control DMSO or SU5402 solutions for 22 or 29 h. A
significant decrease was observed in the optic tract width ratio after exposure to SU5402 in both the 22 and 29 h exposure groups
(Newman–Keuls post hoc test). There was no significant impact from increased exposure time. Asterisks in A–D indicate the point
where RGC axons make caudal turn in mid-diencephalon, and the dotted lines indicate approximate rostral boundary of the optic
tectum. A7 P, Anterior/posterior axis; chi, optic chiasm; di, diencephalon; mhb, midbrain– hindbrain border; tec, optic tectum;
tel, telencephalon. Scale bar, 50 �m. Graph depicts mean � SEM. *p � 0.05, **p � 0.01.
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Stage 33/34 embryos were exposed to either control DMSO or
the FGFR inhibitor SU5402 (as outlined above), and xsema3A,
xslit1, or xslit2 expression was assessed by in situ hybridization
after 10 h, when the majority of RGC axons should have reached
the mid-diencephalic turn. This timing ensured that any ob-
served changes in gene expression were relevant to optic tract
development (Chien et al., 1993; Nieuwkoop and Faber, 1994).
Embryos from control- and SU5402-treated groups were then
processed for in situ hybridization in the same vials (one group
had their tails clipped), and labeled brains were scored in a
blinded manner from 1 to 3 based on the intensity of the in situ
staining, with 1 indicating light staining and 3 indicating dark
staining. Exposure to SU5402 resulted in a significant decrease in
xsema3A and xslit1 expression (xsema3A, p � 0.001; xslit1, p �
0.003, Mann–Whitney rank sum test) (Fig. 3A–D,G). Dimin-
ished xsema3A expression was also evident by RT-PCR because
densitometric analysis revealed a 43% reduction in xsema3A
mRNA levels in the telencephalons of SU5402-treated embryos
compared with those treated with DMSO (n � 3, p � 0.0045,
unpaired Student’s t test) (Fig. 3H). In contrast, xslit2 expression
was unaffected (Fig. 3E–G). These data strongly suggest that FGF
signaling is specifically required to maintain the expression of
forebrain xsema3A and xslit1, whereas xslit2 expression is inde-
pendent of FGFR activation.

The timing of the regulatory relation-
ship between FGFs and the expression of
guidance cues was further explored by ex-
posing embryos to control or FGFR inhib-
itor solutions for 2, 6, or 10 h before
examining xsema3A expression by in situ
hybridization. A significant decrease in
xsema3A expression between control-
treated (n � 20) and SU5402-treated (n �
17) embryos was observed after 6 h of
treatment, and, confirming our previous
results, this difference was maintained af-
ter 10 h of SU5402 exposure (6 h control
vs SU5402, p � 0.01; 10 h control vs
SU5402, p � 0.01, Dunn’s post hoc
method) (Fig. 3I). Therefore, during inhi-
bition of FGF signaling, xsema3A expres-
sion is rapidly diminished, arguing that
continuous morphogen signaling is re-
quired to maintain guidance cue expres-
sion throughout the period of optic tract
development.

FGF signaling is sufficient to promote
xsema3A and xslit1 expression
The sufficiency of FGF signaling to pro-
mote xsema3A and xslit1 expression was
examined. Stage 28 embryos were electro-
porated with a construct encoding a X.
laevis FGF8 protein ( pCS2–xfgf8), and
xsema3A and xslit1 expression were as-
sessed by in situ hybridization after 24 h:
for each riboprobe, embryos from the two
treatment groups were processed in the
same vial. pCS2– gfp was used as control
and was coelectroporated with pCS2–
xfgf8 to visualize the domain of electropo-
ration, and only well expressing brains (as
assessed by GFP) were processed for

xsema3A and xslit1 in situ hybridization. xfgf8 electroporated em-
bryos exhibited ectopic expression of xsema3A (91%, n � 23;
blinded analysis) and xslit1 (63%, n � 19; blinded analysis) when
compared with the wild-type expression pattern, whereas gfp
electroporated embryos did not (xsema3A, 0%, n � 23; xslit1,
16%, n � 19). Ectopic xsema3A expression was observed in the
dorsal diencephalon, hypothalamus, and throughout the mid-
brain (Fig. 4A,C), whereas increased xslit1 expression was ob-
served in the pineal gland, midbrain, and dorsal diencephalon
(Fig. 4B,D). When assessed by RT-PCR, xfgf8 electroporation
resulted in a 66% increase in xsema3A and a 29% increase in xslit1
mRNA levels compared with gfp electroporation (xsema3A, n �
3, p � 0.001; xslit1, n � 4, p � 0.035, unpaired Student’s t test)
(Fig. 4E,F). Together, these data argue that FGF signaling is suf-
ficient to promote xsema3A and xslit1 expression within many
regions of the neuroepithelium.

Forebrain identity is maintained after late inhibition of
FGFR function
To understand the extent of the changes induced by inhibition of
FGF signaling at this late developmental stage, we examined the
expression of other markers of telencephalic identity. These in-
cluded several homeodomain-containing transcription factors
whose patterns of expression are known and well established at

Figure 3. FGF signaling maintains xsema3A and xslit1 expression in the forebrain. A–F, Stage 33/34 embryos were exposed to
a control DMSO (A, C, E) or 100 �M FGFR inhibitor (SU5402) (B, D, F ) solution for 10 h and then processed for guidance cue
expression by in situ hybridization. To best observe expression patterns, embryos were viewed from a lateral perspective for
xsema3A (A, B) and xslit1 (C, D) and a dorsal perspective for xslit2 (E, F ). Embryos were scored in a blinded manner for intensity of
staining from 1 (indicating light staining) to 3 (indicating dark staining). G, Bar graph illustrates the average intensity scores for
each riboprobe. Graphs indicate a significant decrease in xsema3A and xslit1 but not xslit2 expression after SU5402 treatment
(Mann–Whitney rank sum test). H, Representative image of the change in xsema3A mRNA levels after exposure to SU5402 as
assessed by RT-PCR. I, Stage 33/34 embryos were exposed to a control DMSO or 100 �M SU5402 solution for 2, 6, or 10 h and then
processed for xsema3A expression by in situ hybridization and analyzed as in G. A significant decrease in xsema3A expression was
observed after 6 and 10 h of exposure to the inhibitor (Dunn’s post hoc method). A7P, Anterior/posterior axis; pi, pineal gland; tel,
telencephalon. Scale bar, 100 �m. Graphs depict mean � SEM. **p � 0.01.
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the onset of the inhibitor incubations at stage 33/34 (Bachy et al.,
2001, 2002). Stage 33/34 embryos were exposed to the FGFR
inhibitor SU5402 for 10 h and then processed for xlhx1, xlhx2,
xlhx5, and xdll3 expression. After the in situ hybridization reac-
tion, embryos were scored as described previously. xlhx1, xlhx5,
and xdll3 expression was unaltered in SU5402-treated compared
with control-treated embryos (Fig. 5A–F,I). Interestingly, xlhx2
expression diminished after inhibitor treatment (Fig. 5G–I), sug-
gesting that FGF signaling regulates xlhx2 expression in the fore-
brain ( p � 0.004, Mann–Whitney rank sum test). A population of
differentiated neurons that sit at the mid-diencephalic turn and ex-
press the neurotransmitter GABA (Ferguson and McFarlane, 2002)
were also unaffected by SU5402 treatment (data not shown).
Overall, these findings suggest that inhibition of FGFR activation
late in development results in only specific changes in gene ex-
pression in the telencephalon (such as expression of xsema3A,
xslit1, and xlhx2), and the pattern of gene expression in the fore-
brain is generally conserved.

XSema3A and XSlit1 are required for normal RGC axon
guidance within the optic tract
A direct role for XSema3A and XSlit1 in RGC axon guidance was
tested by knocking down xsema3A and xslit1 mRNA levels and
assessing optic tract development. To achieve targeted down-
regulation of XSema3A and XSlit1, we generated two antisense
oligonucleotides, xslit1-AS and xsema3A-AS, as well as a
xsema3A-S control (correct targeting of the oligonucleotides was
confirmed; see Materials and Methods). Oligonucleotides were
introduced into the brain neuroepithelium by electroporation at
stage 28. Embryos were fixed at stage 39, and their optic tracts
were anterogradely labeled with HRP. Importantly, not all neu-
roepithelial cells are transfected with fluorescent oligonucleotide

after electroporation (Fig. 6A–D, insets); therefore, as with
SU5042 treatment, Slit1 and Sema3A are likely lowered but not
absent in embryos electroporated with the antisense oligonu-
cleotides. Electroporation with a solution consisting of 250 �M

xsema3A-AS and 250 �M xslit1-AS oligonucleotides in combina-
tion resulted in a large number of RGC axons stopping at the
mid-diencephalic turn in 50% of embryos (n � 36) (Fig. 6B,C), a
phenotype quite similar to that observed with FGFR inhibition
(compare with Fig. 2A–D). In contrast, electroporation of either
a 250 �M solution of xslit1-AS (n � 21) or xsema3A-AS oligonu-
cleotides alone (n � 20; data not shown) had little or no effect on
optic tract development, suggesting that xslit1 and xsema3A act in
concert to guide RGC axons. Importantly, electroporation of a
500 �M solution of the xsema3A-S control oligonucleotide (n �
40) did not impair the ability of developing RGC axons to navi-
gate the turn in the mid-diencephalon (Fig. 6A). Interestingly,
when a 500 �M solution of xslit1-AS oligonucleotides was used
for electroporation, numerous RGC axons failed to navigate be-
yond the mid-diencephalon (observed in 63% of embryos, n �
16) (Fig. 6D), whereas this did not occur with a 500 �M solution
of xsema3A-AS oligonucleotides (n � 15), implying that xslit1
may play a more significant role than xsema3A in guiding RGC
axons. Alternatively, the electroporation technique may favor
targeting of xslit1 expression domains. To quantify our obser-
vations, we performed a blinded analysis and measured the
width of the optic tract before and beyond the turn in the
mid-diencephalon as described previously (Fig. 2 E). A signif-
icant decrease in the post-turn to pre-turn ratio of optic tract
width was observed in embryos electroporated with
xsema3A-AS and xslit1-AS oligonucleotides in combination
when compared with xsema3A-S control electroporated em-
bryos (p � 0.001, Newman–Keuls post hoc test), as well as in
embryos electroporated with 500 �M xslit-AS oligonucleotides
alone ( p � 0.001, Newman–Keuls post hoc test) (Fig. 6E). No
change in optic tract width ratio was detected in embryos electro-
porated with 500 �M xsema3A-AS or 250 �M xslit1-AS oligonu-
cleotides alone.

Discussion
RGC axons respond to a variety of cues that are positioned to
guide them through decision points along their journey from the
retina to the tectum. Here we show that FGF signaling specifically
regulates the expression of at least two of these, xsema3A and
xslit1. We demonstrate for the first time that maintenance of guid-
ance cue expression requires the continuous presence of an extrinsic
signal, and our findings suggest a novel and late developmental role
for FGFs in maintaining guidance cue expression independently
from general identity of the forebrain and midbrain. Furthermore,
we demonstrate that XSema3A and XSlit1 are required to guide RGC
axons through a turn in the mid-diencephalon, a previously unchar-
acterized region of the developing optic tract.

FGFs regulate xslit1 and xsema3A expression in the
developing forebrain
Inhibition of FGF signaling specifically diminished xsema3A and
xslit1 mRNA levels; xslit2 and the transcription factors xlhx1,
xlhx5, and xdll3 were not affected. Furthermore, exogenous xfgf8
caused a significant increase in xsema3A and xslit1 expression,
suggesting that FGF signaling is both necessary and sufficient to
drive the expression of these two genes.

Morphogens are known to pattern tissues to establish cell
identity in a gradient-dependent manner. Indeed, FGFs help es-
tablish the pattern of gene expression in the cortex and midbrain

Figure 4. FGF signaling is sufficient to induce xsema3A and xslit1 expression. A–D, Stage 28
embryos were electroporated with pCS2– gfp ( gfp) (A, B) or pCS2– gfp and pCS2–xfgf8 (xfgf8;
C, D). Twenty-four hours later, embryos were processed for xsema3A (A, C) or xslit1 (B, D)
expression by in situ hybridization. Regions of expanded or premature expression are indicated
with arrows. E, F, Representative images of the change in xsema3A (E) and xslit1 (F ) mRNA
levels after gfp and xfgf8 electroporation as assessed by RT-PCR. dd, Dorsal diencephalon; hy,
hypothalamus; mb, midbrain; pi, pineal gland. Scale bar, 100 �m.
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(Nakamura et al., 2005; O’Leary et al., 2007). A number of studies
have suggested that, as a consequence of this early patterning of
brain regions, morphogens control guidance cue expression. For
example, FGF overexpression in the murine or avian midbrain
resulted in ectopic sema3F, ephrinA2, and ephrinA5 (Lee et al.,
1997; Shamim et al., 1999; Yamauchi et al., 2009), whereas a
reduction of sonic hedgehog signaling increased ventral midline
slit2 and slit3 expression in zebrafish (Barresi et al., 2005). In these
studies, the nature of the regulatory relationship between the
extrinsic factors and the expression of guidance cues is unclear
because extrinsic signals were manipulated at early develop-
mental time points, when general patterning occurs, and
markers of cell identity were altered. Conversely, our data
argue that FGFs control axon guidance cue expression selec-
tively, without affecting other aspects of cell identity. Simi-
larly, epidermal growth factor caused a rapid (within 12 h)
increase in sema3A expression in cultured human corneal ep-
ithelial cells (Ko et al., 2008).

Comparing the specific expression pattern of each xfgfr with
that of xsema3A or xslit1 hints at which particular FGFRs are
involved. For example, xfgfr1 is a likely candidate to maintain
xsema3A expression in the anterior telencephalon, whereas the
expression of xslit1 at the boundary between prosomeres 1 and 2
and in the dorsal diencephalon most closely resembles that of
xfgfr2. However, the expression of both xfgfr1 and xfgfr2 is more
widespread than that of xsema3A and xslit1, suggesting that
additional mechanisms for gene regulation exist, which could
include FGF ligand availability, or the presence of cofactors. In
the future, we will need to decipher the FGF ligands and receptors
involved in the control of xslit1 and xsema3A expression, as well as
determine whether gene regulation occurs in the same cells that re-
ceive the FGF signal or via an intermediary factor.

FGFs promote RGC axon guidance
indirectly by maintaining XSema3A
and XSlit1 expression
We propose a model whereby FGFs main-
tain the expression of at least two repellent
guidance cues, xsema3A and xslit1, re-
quired to drive RGC axons out of the turn
region, caudally toward the tectum (Fig.
6F,G). The idea that this arrested-at-turn
phenotype is attributable to a non-cell-
autonomous function of FGFR activation
in the neuroepithelium is supported by
the fact that the phenotype was not ob-
served when FGFR function was inhibited
within RGC axons themselves (McFarlane
et al., 1996). Thus, FGFR function appears
to be required within both RGC axons for
target recognition and outgrowth and the
neuroepithelium to allow for the proper
expression of guidance molecules key to
the guidance of RGC axons. Furthermore,
our data and those of others point to a key
role of Sema3A and Slits in this latter re-
gard. RGC axons express the appropriate
neuropilin/plexin and robo receptors, and
Sema3A and Slits are known repellents for
RGC axons in vitro (Campbell et al., 2001;
Plump et al., 2002; Piper et al., 2006). The
key findings, however, are that FGFs are
both necessary and sufficient for xsema3A
and xslit1 expression and that direct

knockdown of either xsema3A and xslit1 in combination or a
more substantial knockdown of xslit1 alone strongly resembles
the arrested-at-turn defect seen with FGFR inhibition. Likely the
two repellents act collectively to propel axons away from the
mid-diencephalic turn, but XSlit1 may play a more significant
role. Many axon tracts develop normally in sema3A�/� and
nrp1�/� mice, and slit1/2�/�, robo1�/�, or robo2�/� mice exhibit
a mild effect on optic tract development postchiasm, supporting
the idea that repellents may often act in concert with other cues to
guide developing axons (Kitsukawa et al., 1995; Catalano et al.,
1998; Thompson et al., 2006; Plachez et al., 2008). Whether
Sema3A functions in RGC axon guidance in mice is unknown,
but given that nrp-1 is expressed in the RGC layer (Gariano et al.,
2006), future genetic interaction experiments could address
whether Sema3A and Slit1 also cooperate in murine models to
control RGC axon development.

We propose that FGF signaling supports normal optic tract
development within the diencephalon through the maintenance
of Slit1 and Sema3A expression. It is possible that late inhibition
of FGFR function has additional non-Sema3A/Slit1-dependent
affects on RGC axons and neuroepithelial patterning. Indeed, our
laboratory has shown previously that FGFs can act directly on
RGC axons (McFarlane et al., 1996; Webber et al., 2003). The fact
that forebrain patterning is essentially maintained after SU5402
exposure, as evidenced by the persistent expression of specific
forebrain transcription factors (Fig. 5) and GABA (data not
shown), and the ability of direct Slit1 and Sema3A knockdown to
recapitulate the arrested-at-turn phenotype observed after FGFR
inhibition, argue strongly, however, that any such late control
would play only a minor role in guiding RGC axons through the
diencephalon.

Figure 5. Forebrain map generally maintained after late-stage FGFR inhibition. A–H, Stage 33/34 embryos were ex-
posed to a control DMSO (A, C, E, G) or 100 �M SU5402 (B, D, F, H ) solution for 10 h and then processed for xlhx1 (A, B), xlhx5
(C, D), xdll3 (E, F ), and xlhx2 (G, H ) expression by in situ hybridization. I, Each embryo was photographed and scored in a
blinded manner: a score of 1 indicates light staining, and a score of 3 indicates dark staining. The average score for control-
and SU5402-treated groups is summarized in the bar graph. No change in xlhx1, xlhx5, or xdll3 expression was observed
after exposure to SU5402, but xlhx2 expression was diminished. Scale bar, 100 �m. Graphs show mean � SEM. *p � 0.01,
Mann–Whitney rank sum test.
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The mid-diencephalon as an intermediate target
The aberrant collecting of RGC axons at the mid-diencephalon
with FGFR inhibition suggested to us the possibility that this
brain region serves as an intermediate target. To navigate beyond
an intermediate target, such as the floor plate of the spinal cord,
axons lose their sensitivity to attractants and gain sensitivity to
repellents (Dickson and Gilestro, 2006). In addition to the RGC
arrested-at-turn axon phenotype, two additional points support
the classification of the mid-diencephalon as an intermediate tar-
get. First, the mid-diencephalon serves as a key decision choice
point, because axon guidance defects arise here in response to
application of a variety of inhibitors (Chien et al., 1993; Webber
et al., 2002). Second, Xenopus RGC axons gain responsiveness to
the repellent Sema3A in vitro at stage 35/36, the stage at which
they have reached the mid-diencephalon in vivo, likely as a
result of temporally controlled Npn-1 and PlexinA1 receptor
expression (Campbell et al., 2001). Whether a similar timed
change in Robo receptor expression alters RGC axon sensitiv-
ity to Slit1 is unknown. Certainly, required changes in the
complement of Robo receptors in dorsal commissural axons
occur as they cross the floor plate (Dickson and Gilestro,
2006). Alternatively, changes in the location of the slit1 ex-
pression domain could explain why axons only respond to
Slit1 on reaching the mid-diencephalon.

Guidance at the floor plate intermediate target depends on
both repellents and attractants (Salinas, 2003). The failure of ax-
ons to leave the mid-diencephalon with FGFR inhibition is best
explained by the combined loss of repellents adjacent to the mid-
diencephalic turn and the continued presence of an attractant
within the mid-diencephalic choice point. As of yet, we have not
identified an attractant in the mid-diencephalon. Obvious candi-
dates such as Netrin1 are missing from this region (Shewan et al.,
2002); thus, additional candidates will need to be examined.

Concluding remarks
Inhibition of FGFR activation just before RGC axons reach the
mid-diencephalon results in a rapid downregulation of xsema3A
and xslit1 expression and a defect in optic tract development,
arguing that Sema3A and Slit1 proteins are labile. What purpose
is served by this lability? Potentially, downregulation is required
to allow the next steps of normal development to proceed, as is
the case for Sema3A-controlled target innervation in the olfac-
tory bulb and cornea, in which transiently expressed Sema3A
holds incoming axons at bay until the target is ready (Renzi et al.,
2000; Lwigale and Bronner-Fraser, 2007). Deciphering why guid-
ance cues are labile will be an interesting avenue for additional
exploration.

Figure 6. RGC axons fail to navigate beyond the mid-diencephalon when XSema3A and XSlit1 levels are diminished. Fluorescently tagged antisense oligonucleotides targeted to xsema3A and
xslit1 mRNA were introduced into stage 28 embryos via electroporation, and, at stage 39, optic tracts were anterogradely labeled with HRP. To maintain fluorescence, brains were not dehydrated
and cleared as they were in Figure 2, so tracts appear less distinct. Differences in the thickness of the optic projections is at least in part accounted for by small variations in effectiveness of the
HRP-labeling method. A–D, Shown here are embryos electroporated with 500 �M xsema3A-S control (A), 250 �M xslit1-AS plus 250 �M xsema3A-AS (B, C), or 500 �M xslit1-AS (D) oligonucleotides.
Insets show distribution of oligonucleotides. A severe arrested-at-turn phenotype is obvious in C, whereas milder arrested-at-turn phenotypes are shown in B and D: at least half of the RGC axons
stop at the mid-diencephalic with the remaining axons extending on toward the optic tectum. E, Optic tract widths were measured for pre-turn and post-turn sections of the optic tracts, as described
in Figure 2 E. A significant decrease in the optic tract width ratio was observed after electroporation with 500 �M xslit1-AS or 250 �M xslit1-AS plus 250 �M xsema3A-AS (S3A-AS) when compared
with xsema3A-S (S3A-Sense) electroporated control embryos. F, G, Schematic illustrating model: F depicts FGFs signaling to neuroepithelial cells and promoting expression of xsema3A and xslit1,
which go on to guide RGC axons. G, At stage 33/34, XSema3A and XSlit1 are present in advance of incoming RGC axons, and, by stage 35/36, RGC axons can sense these two guidance cues. The
repulsive gradient generated by XSema3A and XSlit1 drives RGC axons caudally toward the optic tectum (stage 37/38). Asterisks indicate site of mid-diencephalic turn, and dotted lines indicate
approximate rostral boundary of optic tectum. Graph indicates mean � SEM. **p � 0.01, Newman–Keuls post hoc test.
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