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Restoring eye size in Astyanax mexicanus blind cavefish
embryos through modulation of the Shh and Fgf8 forebrain
organising centres

Karen Pottin, Héléne Hinaux and Sylvie Rétaux*

SUMMARY

The cavefish morph of the Mexican tetra (Astyanax mexicanus) is blind at adult stage, although an eye that includes a retina and
a lens develops during embryogenesis. There are, however, two major defects in cavefish eye development. One is lens apoptosis,
a phenomenon that is indirectly linked to the expansion of ventral midline sonic hedgehog (Shh) expression during gastrulation
and that induces eye degeneration. The other is the lack of the ventral quadrant of the retina. Here, we show that such
ventralisation is not extended to the entire forebrain because fibroblast growth factor 8 (Fgf8), which is expressed in the
forebrain rostral signalling centre, is activated 2 hours earlier in cavefish embryos than in their surface fish counterparts, in
response to stronger Shh signalling in cavefish. We also show that neural plate patterning and morphogenesis are modified in
cavefish, as assessed by Lhx2 and Lhx9 expression. Inhibition of Fgf receptor signalling in cavefish with SU5402 during
gastrulation/early neurulation mimics the typical surface fish phenotype for both Shh and Lhx2/9 gene expression. Fate-mapping
experiments show that posterior medial cells of the anterior neural plate, which lack Lhx2 expression in cavefish, contribute to
the ventral quadrant of the retina in surface fish, whereas they contribute to the hypothalamus in cavefish. Furthermore, when
Lhx2 expression is rescued in cavefish after SU5402 treatment, the ventral quadrant of the retina is also rescued. We propose that
increased Shh signalling in cavefish causes earlier Fgf8 expression, a crucial heterochrony that is responsible for Lhx2 expression

and retina morphogenesis defect.
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INTRODUCTION

The teleost fish Astyanax mexicanus exists in two forms: a surface-
dwelling river morph and a cave-living blind morph. The two
forms of this single species split from a common ancestor about 1
million years ago, a relative short period of time during which the
cave animals have evolved both regressive and constructive
features (Jeffery, 2001). The loss of eyes and pigmentation, and the
increase in feeding apparatus (jaws, teeth, taste-buds) (Varatharasan
et al., 2009; Yamamoto et al., 2009) and body fat content (Rose and
Mitchell, 1982; Salin et al., 2010) are distinctive features of
cavefish when compared with their surface counterparts. Astyanax
embryos are therefore excellent models with which to analyse the
molecular and cellular developmental mechanisms of
morphological evolution (Jeffery, 2008; Jeffery, 2009; Rétaux et al.,
2008).

The anterior expression domain of the morphogen sonic
hedgehog (Shh) at the embryonic ventral midline is expanded
throughout cavefish forebrain development (Menuet et al., 2007;
Yamamoto et al., 2004). The secondary loss of eyes is the most
spectacular indirect consequence of this increased Shh signalling
(Yamamoto et al., 2004). However, expanded Shh also causes
significant and specific modifications in the ventral telencephalon
and hypothalamus. In fact, Shh-dependent variations in
proliferative activity and in expression of Nkx and LIM-
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homeodomain transcription factors induce variations in
specification and migrations of specific neuronal populations
(Menuet et al., 2007). Besides these specific changes, the global
early patterning of the forebrain, including the retina, is normal in
cavefish. Indeed, the cavefish eyes undergo normal morphogenesis,
growth and patterning during the first 24 hours of development,
except for a slightly smaller retina size and a reduced or absent
ventral quadrant of the retina, a hallmark of the cavefish embryonic
eye (Alunni et al., 2007; Yamamoto and Jeffery, 2000; Yamamoto
and Jeffery, 2002). The degeneration and loss of eyes in cavefish
occur later and progressively in the following days and weeks
(Alunni et al., 2007; Jeffery, 2001; Jeffery, 2005; Wilkens, 2007),
and are triggered by lens apoptosis which starts after the first day
of development (Strickler et al., 2007; Yamamoto and Jeffery,
2000). Thus, the marked increase in midline Skhh expression in
cavefish embryos does not have the deleterious consequences one
might expect for such a powerful morphogen (for a review, see
Monuki, 2007). This is strongly suggestive of compensation or
balancing mechanism(s) that would ‘protect’ the cavefish forebrain
from being totally disorganised by Sh/ expansion.

In all vertebrates, including fish, the anterior neural plate gives
rise to the forebrain, including the telencephalon and the
diencephalon, from which the optic vesicles and the hypothalamus
develop. The growth, the morphogenesis and the patterning of the
anterior neural plate are controlled by the concerted action of
molecules secreted from signalling centres (also called secondary
organisers) that diffuse through the neuroepithelium and impose a
field of organisation (for a review, see Vieira et al., 2010). These
signalling centres are mostly located along the embryonic midline
and secrete morphogens such as Shh (Echelard et al., 1993), Wnt
(wingless-Int) (Lee and Jessell, 1999; Muroyama et al., 2002) and
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Sfrp (secreted frizzled related protein) (Houart et al., 2002), Bmp
(bone morphogenetic protein) (Liem et al., 1997) or Fgf (fibroblast
growth factor) (Shimamura and Rubenstein, 1997) molecules.
Thus, the ventral signalling centre (notochord, and later floor and
basal plate of the neural tube) secretes Shh, which induces ventral
forebrain structures, whereas the rostral signalling centre (anterior
neural ridge and telencephalon) secretes several Fgfs, including
Fgf8 (Miyake et al., 2005), which is crucial for olfactory bulb
growth and pallial patterning (Fukuchi-Shimogori and Grove,
2001; Shimogori et al., 2004; Storm et al., 2006).

A few studies have addressed the cross-regulatory interactions
between signalling centres that shape the forebrain (Crossley et al.,
2001; Hayhurst et al., 2008; Ohkubo et al., 2002; Okada et al.,
2008; Shanmugalingam et al., 2000; Storm et al., 2006), but little
is known about their relative influence, how they can modulate
forebrain morphogenesis, or to what extent their tight regulation in
time is crucial. Moreover, most studies are based on gain- or loss-
of-function approaches in laboratory animals, which usually lead
to lethal conditions. Here, we have used the Astyanax cavefish
embryo as a natural mutant to study secondary organiser’s
interactions in time and space, as well as their developmental
outcome in a physiological and adaptive context. We show that
cavefish embryos express Fgf8 2 hours earlier than surface fish
embryos, a heterochrony that has essential implications for anterior
neural plate patterning at early stage and that is also responsible for
retina morphogenesis defect at later stage. By interfering
pharmacologically with this Fgf8 heterochrony, we were able to
rescue the ventral quadrant of the cavefish retina, i.e. to rescue the
neural component of the eye defect in cavefish.

MATERIALS AND METHODS

Fish samples

Laboratory stocks of 4. mexicanus surface fish and cavefish (Pachon
population) were obtained in 2004 from the Jeffery laboratory at the
University of Maryland, College Park, MD. Fish are maintained at 23-26°C
on a 12:12 hours light:dark cycle. Embryos were collected after spawning
and fixed at various stages in 4% paraformaldehyde (PFA). After
progressive dehydration in methanol, they were stored at —20°C. A.
mexicanus development is highly similar to zebrafish in the first 20 hours
post-fertilisation (hpf) and, importantly, there is no difference in early
developmental timing between the cave and surface forms (H.H, K.P,
H. Chaloub, S. Pére, Y. Elipot, L. Legendre and S.R., unpublished; see
Fig. S3 in the supplementary material).

cDNA cloning

Total RNA from cavefish embryo at 20 hpf was reverse transcribed with
random primers using AMV reverse transcriptase (Promega). Partial cDNA
sequence for Fgf3 (341 bp, GenBank HQ667934) was amplified by PCR
using degenerated primers designed after alignments of several teleost
sequences (sequences available on request). PCR products were subcloned
in TOPO-PCR 1I vector (Invitrogen) and sequenced. Shh (AY661431),
Nkx2.1a (AY661435) and Bmp4 (DQ915173) cDNA were previously
isolated by the Jeffery and Stock laboratories, and Fgf8 (DQ822511), Lhx2
(EF175737) and Lhx9 (EF175738) cDNAs were previously cloned by our
group (Alunni et al., 2007).

Whole-mount in situ hybridisation

cDNAs were amplified by PCR, and digoxygenin- or fluorescein-labelled
riboprobes were synthesised from PCR templates. A protocol for
automated whole-mount in situ hybridisation (Intavis) was performed
(Deyts et al., 2005).

For fluorescent in situ hybridisation, Cy3- and FITC-tyramides were
prepared as described (Zhoua and Vize, 2004). Embryos were incubated with
antibody anti-FITC-POD (Roche, 1/250), washed in PBS/Tween 0.1%
(PBST) and incubated for 20 minutes at room temperature with FITC-

tyramide at 1/100. Tyramides were activated by H,O, (Sigma, 0.001%) for
30 minuets and washed again in PBST. The first peroxydase conjugate was
inactivated by incubation in 2% H,O, for 1 hour. Embryos were washed in
PBST and incubated with the second antibody (anti-digoxygenin-POD,
Roche, 1/250). The same protocol was applied for the Cy3-tyramide
revelation.

Quantitative real time RT-PCR

Total RNA was extracted from head or tail at 10 hpf (0 somite) or 14 hpf
(10 somites) of cavefish or surface fish embryos using RNA TRIzol.
cDNAs were synthesised using SuperScript I (Invitrogen) and PCR was
performed using dsDNA dye SYBR Green I (Roche Diagnostics). Primer
pairs for Fgf8 (sense, 5'-GCAGGCTAATACGGACC-3' and antisense, 5'-
ACTGCCGAATGTGTCT-3") and control o-actin (sense, 5'-CATTA-
CCAACTGGGACG-3', and antisense, 5'-TCTTCTCACGGTTAGCC-3")
were used to detect target gene transcripts. SYBR Green analysis was
performed on a Lightcycler (Roche Diagnostics). All samples were
analyzed in duplicate in three independent experiments, and the amount of
mRNA detected was normalised to control a-actin mRNA values. We used
normalised data to quantify the relative levels of Fgf8 mRNA according to
cycling threshold analysis (ACt).

SU5402 and cyclopamine treatments

For incubation with the FGFR inhibitor SU5402 (Calbiochem), embryos
were dechorionated manually and allowed to develop in embryo medium
containing Methylene Blue (EMM) in petri dishes coated with a layer of 1%
agarose. Upon reaching the desired stage, they were incubated in SU5402
diluted in EMM from a 3 mM stock solution in DMSO. Control embryos
had an equivalent volume of DMSO added to the EMM. Following
incubation, embryos were washed gently in several changes of EMM and
fixed immediately (at six somites), or allowed to develop until 27 hpf.

For incubation with cyclopamine (Toronto Research Chemicals), the
same protocol was used. Control embryos were exposed to 0.1% ethanol,
as the cyclopamine stock solution was diluted in 100% ethanol.

Quantification of expression pattern modification was performed
manually on in toto pictures of embryos at 12 hpf (six somites)
photographed in the same orientation using agarose wells. For the
measurement of the CF ventral quadrant and lens, ImageJ was used. All
the data come from at least three independent experiments and statistical
comparisons were performed using a Student’s ¢ test.

Dextran iontophoresis

The method was adapted from The Zebrafish book (Westerfield, 2000).
Briefly, dextran tetramethyl-rhodamine (D3308, Molecular Probes) in KCl
0.1 M was injected into the neural plate of 10 hpf embryos embedded in
3% methyl cellulose under the control of a fluorescence stereomicroscope
(200X, Leica). Embryos were individually photographed 1 hour after
injection. Embryos were transferred into wells coated with 1% agarose and
kept in 1.5 ml EMM at 23°C. The next day, embryos were anesthetised in
tricaine methane sulphate (MS222, Sigma, 0.2 mg/ml) and their eyes and
brain were photographed using an Apotome microscope (Zeiss). For the
fate map analysis, the neural plate of each embryo was outlined using the
bright-field picture (Fig. 5A,H). Fluorescent pictures were superimposed
and injection domains were reported on the neural plate drawing (Fig.
SA’,H"). According to the progeny observed at 27 hpf, a colour was
attributed to the injection domain. Finally, all the individual neural plate
drawings were superimposed and a fate map was obtained.

RESULTS

Fgf8 is turned on 2 hours earlier in the cavefish
telencephalon

In cavefish (CF), the Shh ventral midline expression domain is
expanded laterally and anteriorly, throughout gastrulation, neurulation
and later on, when compared with surface fish (SF) (Fig. 1A-C’; see
Fig. SIA,A" in the supplementary material) (Yamamoto et al., 2004).
Such expansion concerns various tissues as development proceeds.
At the end of gastrulation and early neural plate stage (i.e. before
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Fig. 1. Shh and Fgf8 expression patterns in SF
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and 14 hpf (C,C’) on lateral views. Shh is expanded
anteriorly and laterally (insets in A,A”) in CF.

(D) Double fluorescence in situ hybridisation for Shh
(red) and Bmp4 (green, a prechordal and polster
marker) showing that Shh is enlarged in the
prechordal plate (PcP) of a 10 hpf CF embryo.

(E) Double fluorescence in situ hybridisation for Shh
(red) and Nkx2.1a (green, a hypothalamic marker)
showing that Shh is enlarged in the ventral neural
tube, including the hypothalamus (hyp) and the
anterior-most telencephalon (tel) of a 12 hpf CF
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neurulation, which starts at 10 hpf in Astyanax, see Fig. SIB,B’ in the
supplementary material), Shh expansion concerns the axial ventral
midline represented at its rostral tip by the Bmp4-positive prechordal
plate (PcP) (Fig. 1D). After neurulation, at 12 hpf (5-6 somites), Shh
expansion concerns the medial/ventral part of the neural tube, which
corresponds to the Nkx2.1a-positive presumptive hypothalamus, and
also very transiently to the ventralmost telencephalon (Fig. 1E). Two
hours later, at 14 hpf (11-12 somites), Shh expression is still expanded
in the hypothalamus (Fig. 1F and see Fig. S2 in the supplementary
material).

We hypothesised that other signalling molecules may be
modified at the CF anterior neural plate. Among those tested and
compared in CF and SF embryos between 10 hpf and 16 hpf, Fgf8
expression showed a difference. In fact, Figf8 was detectable by in
situ hybridisation in the CF telencephalon as early as 10 hpf,
whereas it was apparent only at 12 hpfin SF (Fig. 1G-J"). Of note,
earlier expression domains of Fgf8 in the shield at 6-7 hpf and in
the tailbud and the presumptive mid-hindbrain junction (mhb) at 8-
9 hpf was identical in the two populations (see Fig. SIC-D’ in the
supplementary material), and expression was indistinguishable
again at 14 hpf (Fig. 1J-J'). Importantly, the timing of neurulation
which starts between 9.6 hpf and 10 hpf, and is completed by 12
hptf in Astyanax, is totally synchronous between CF and SF

hpt Fgf8 (red) expression patterns during gastrulation
and at the beginning of neurulation in Astyanax. At
10 hpf in CF (insets), Shh is expanded anteriorly and
Fgf8 is already expressed in the telencephalon.

embryos (see Fig. S3 in the supplementary material), ruling out the
possibility that Fgf8 expression heterochrony could be due to
differences in developmental timing of the morphogenesis between
the two populations of embryos.

To confirm these qualitative observations in a quantitative manner,
we performed real-time quantitative RT-PCR (Fig. 1K). At 10 hpf,
Fgf8 transcripts were 42% more abundant in the forebrain of CF
embryos when compared with their SF counterparts, whereas the
posterior part of SF and CF embryos (including the mhb and tailbud
expression domains) contained similar Fgf8 transcript levels. No
difference was observed in the 14 hpf samples, confirming the in situ
hybridisation data. As several Fgfs, including Fgf3, are implicated in
early telencephalic Fgf signalling (Walshe and Mason, 2003), we
also compared Fgf3 expression in CF versus SF. The two types of
embryos showed identical Fgf3 patterns at crucial time points
between 9.5 hpf and 12 hpf (and later, not shown), including in the
telencephalon, mhb and rhombomere 4 (see Fig. SIF-G’ in the
supplementary material). In summary, these comparative expression
data show a heterotopy of Shh expression in the PcP and the
hypothalamus and a heterochrony of Fgf8 expression in the
telencephalon at stages between 10 and 12 hpf, i.e. when these two
signalling systems organise the anterior neural plate and future
forebrain.
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Fig. 2. Cyclopamine treatment affects Fgf8 expression in the
telencephalon but not the mhb. (A, B) Anterior is leftwards and dorsal
is upwards. Fgf8 expression in a 12 hpf control CF (A) and a CF incubated
in 100 UM cyclopamine from 8 to 12 hpf (B). The arrowheads indicate the
MHB. Asterisk indicates the absence of Fgf8 expression after cyclopamine
treatment. (C) Quantification of cyclopamine effect. The y-axis indicates
the percentage of embryos with a given phenotype and the number of
scored embryos is indicated in columns. Type A is the wild-type CF
phenotype (yellow, shown in A). Type B showed no Fgf8 expression in the
dorsal forebrain (black, shown in B). Intermediate embryos (grey) showed
diminished/faint Fg78 expression.

We next examined whether the Shh-Fgf§ spatial relationship is
modified between the two populations. Double fluorescence in situ
hybridisation revealed that in both CF and SF embryos, the two
expression domains — the Fgf8-positive telencephalon (alar plate)
and the Shh-positive hypothalamus (basal plate) — are strictly
adjacent and never overlap, with their boundary being shifted
dorsally in CF (Fig. 1L-M’). Neighbouring cells express one or the
other factor but never both (Fig. 1L’ ,M’, arrowheads). Thus, the
Shh and the Fgf8 signalling centres progress from the shield
towards the anterior pole of the embryo as gastrulation and axis
formation proceed (Fig. 1N). At 10 hpf, the future forebrain of CF
embryos expresses significantly more transcripts for the two
signalling molecules than its SF counterpart. The Fgf8
heterochrony therefore probably explains why the CF forebrain is
not ventralised, as one might expect from its Shh pattern.

Fgf8 heterochrony in CF is due to increased Shh
signalling

We next sought to determine the origin of the Fgf8 heterochrony
in CF. We analysed the possibility that Fgf8 is expressed earlier
because Shh domain is expanded early on (Fig. 1A’; see Fig.
S1A’,B’ in the supplementary material). We treated CF embryos
with cyclopamine, an inhibitor of Shh signalling (Chen et al.,
2002; Incardona et al., 1998). Embryos treated with 100 uM
cyclopamine between 80% epiboly (8 hpf) and six somites (12
hpf) and grown to 27 hpf had their eyes localised more anteriorly
than normal (mild pre-cyclopia phenotype), confirming the
efficiency of the drug. CF embryos treated in these conditions
had a normal mhb Fgf8 pattern but showed reduced or no Fgf8
telencephalic expression at 12 hpf (Fig. 2A-C), demonstrating a
role for Shh in Fgf8 induction, and suggesting that high Shh
signalling in CF is responsible for the earlier onset of Fgf8
expression.

Interfering with Fgf signalling in CF mimics SF
phenotype

To test whether the Fgf8 heterochrony compensates for enlarged
Shh expression, we treated CF embryos with SU5402, an
inhibitor of Fgf receptor signalling (Mohammadi et al., 1997)
that is effective on Astyanax embryos (Gibert et al., 2010). The
treatment was performed using two time windows, either from
50% epiboly (6 hpf) or from 80% epiboly (8 hpf) to six somites
(12 hpf). CF embryos incubated in SU5402 displayed a Shh
expression pattern that mimicked the typical SF pattern (Fig. 3A-
D). For quantification, embryos were scored according to the
following criteria: (1) type A embryos, Shh expanded anteriorly
as in a typical CF embryo; (2) type B embryos, Shh expression
less expanded rostrally; (3) type C embryos, Shh expression like
in a typical SF embryo. Examples of type A, type B and type C
embryos are shown in Fig. 3A,B and C, respectively. Using this
scoring method, the effect of SU5402 was found to be dose-
dependent between 0.75 and 5 UM of the inhibitor and was more
pronounced when the large window of treatment was used (Fig.
3E-F). This indicated that Fgf signalling is required for the
stimulation and/or the maintenance of Shh expansion in CF
embryos.

We also examined whether Fgf8 expression is dependent upon
FgfR signalling. SU5402 treatment on CF resulted in lateral and
ventral expansion of the telencephalic Fgf8 pattern (Fig. 3G-J).
Again, this effect was dose dependent when assessed using the
same type of scoring method as above (Fig. 3K). The Fgf8 ventral
expansion is correlated to the Shh posterior shift in the same
condition of SUS5402 treatment observed above, and the Fgf8
lateral expansion suggests an FgfR-dependent negative feedback
loop on Fgf8 expression. In summary, pharmacological treatments
of CF embryos allow the unmasking of several interactions
between Shh and Fgf8 signalling centres, including their reciprocal
stimulation and an FgfR-dependent negative-feedback loop on Fgf8
expression (Fig. 3L). Of note, the direct or indirect nature of these
interactions is unknown.

Fgf8 heterochrony influences anterior neural

plate development

We next asked to what extent the spatiotemporally modified
signalling centres in CF affect anterior neural plate and early
forebrain patterning and morphogenesis. To address this issue,
we first used two LIM-homeodomain factors involved in eye and
forebrain development, Lhx2 and Lhx9, as regionalisation
markers (Atkinson-Leadbeater et al., 2009; Porter et al., 1997,
Tetreault et al., 2009; Yun et al., 2009; Zuber et al., 2003). Both
factors showed significantly different expression patterns in CF
and SF at 10 hpf (neural plate stage, Fig. 4A,A’, summarised on
Fig. 4F,F’) and 12 hpf (closed neural plate, Fig. 4B-C’,D-E’). In
SF, the expression of the two genes covered the entire
presumptive forebrain area, whereas in CF Lhx2 expression was
absent from its medial posterior part (asterisks in Fig. 4) and
Lhx9 expression was absent from its medial anterior part
(arrowheads in Fig. 4). Of note, the differential patterns of LAx2
and Lhx9 appear spatially correlated to those of Shh and Fgf8
(Fig. 4A,A’ for Lhx2/Shh).

Because SU5402-treated CF embryos display a SF-like Shh
expression pattern (Fig. 3), we next analysed LAx2 and Lhx9
expression patterns at 12 hpf after FgfR signalling inhibition.
This treatment on CF mimicked the SF phenotype and restored
SF-like Lhx2 and Lhx9 patterns at the posterior and anterior
midline, respectively (Fig. 4G-K). The effects were dose
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Fig. 3. SU5402 treatment affects Shh and Fgf8 expression. (A-D) Anterior is leftwards and dorsal is upwards.12 hpf Shh expression in control
CF (A), in CF incubated with increasing concentrations of SU5402 (B,C) or in SF (D). Note the progressive ‘retraction’ of Shh expression with 2 and
5 uM SU5402, mimicking the SF typical Shh pattern. (E,F) Quantification of SU5402 effect on Shh expression after longer (from 6 hpf to 12 hpf, E)
or shorter (from 8 hpf to 12 hpf, F) treatment on CF. The y-axis indicates the percentage of embryos with a given phenotype and the number of

scored embryos is indicated in columns. Type A is the wild-type CF phenotype (yellow, shown in A). Type C showed strongly retracted, SF-like, Shh
expression at the PcP (black, shown in C/D). Type B showed intermediate pattern (grey, shown in B). Note that for both windows of treatment, the

effects are dose dependent between 0.75 and 5 uM of SU5402 compound. (G-J) Fgf8 expression in a 12hpf control CF (G, lateral view; |, frontal
view) and a CF incubated in 5uM SU5402 from 8 to 12 hpf (H, lateral view; J, frontal view). (K) Quantification of effect of SU5402 on Fgf8
expression after an 8 hpf to 12 hpf treatment on CF. Type G/I (yellow) is the wild-type CF phenotype. Type H/J (black) is the affected phenotype,
showing lateral enlargement and anterior expansion of the Fgf8 domain. (L) Summary drawing of the regulatory interactions between Fgf8 and Shh

signalling centres unmasked by cyclopamine and SU5402 treatments.

dependent, in the same range of concentrations as those that
affect Shh expression (Fig. 41,K). Thus, the CF anterior neural
plate appears differentially organised, owing to its special
signalling centres.

Precocious inhibition of Fgf signalling affects
later retina morphogenesis

As Lhx2 is a major factor for eye field specification and
morphogenesis (Porter et al., 1997; Tetreault et al., 2009; Yun et al.,
2009; Zuber et al., 2003), we next hypothesised that its modified
pattern in CF may indicate different fates and/or movements of the
posterior medial cells, and may be responsible for the absence of the
ventral quadrant (vq) of the retina in CF embryos.

First, we determined the fate of the cells located in the medial
posterior part of the presumptive forebrain, which express Lhix2 in
SF but not in CF. Dextran iontophoresis was applied in the anterior
neural plate, including in this zone on 10 hpf embryos (Fig. SA-
A”,H-H"). The progeny of labelled cells was analysed 17 hours
later (i.e. at 27 hpf) (Fig. SB-E,I-J").

In SF, the vast majority of injections led to the observation of
labelled cells located in the retina, including the vq, and in the
hypothalamus, at 27 hpf (31 out of 34 successfully injected
embryos) (Fig. SF,G). When injections targeted cells located in the
posterior and medial LAx2-positive SF neural plate, the labelled
progeny contributed to the vq (n=10, pink) or to both the vq and
the dorsal retina (n=5, black), or else to both the vq and the
hypothalamus (n=3, dark blue). When injections targeted cells
located either more laterally or more anteriorly in the neural plate,

the labelled progeny contributed to the dorsal retina (#=10, green)
but neither to the vq nor to the hypothalamus (Fig. 5G). These data
demonstrate that in SF, some of the cells located in the medial
posterior part of the Lhx2-positive domain at neural plate stage give
rise to the vq of the retina (Fig. SF,G).

In CF, the deduced fate map was different (Fig. 5K). The general
trend from 27 successfully injected CF embryos was an absence of
cells fated to give rise to the vq (except for one cell in a CF
specimen naturally possessing a small vq), and an enlargement of
the presumptive territory for the basal diencephalon/hypothalamus.
In fact, when injections targeted cells located in the posterior and
medial LAhx2-negative CF neural plate, their major contribution was
the hypothalamus (n=7/7, light blue) together with the dorsal retina
(n=4/7, green). When injections were more lateral or anterior in the
neural plate, their fate was the dorsal retina as in SF, but a large
contribution to the hypothalamus was also found (n=9/15, light
blue). In summary, these comparative fate maps show that SF and
CF posterior medial forebrain neural plate give rise to distinct
structures, suggesting a trade-off between ventral retina- and
hypothalamic-fated territories in CF, and confirming major
differences in patterning and cell movements in CF and SF at these
stages.

Finally, we treated CF embryos with SU5402 between 8 and 12
hpf, and let them grow until 27 hpf. In these larvae, the vq was
rescued (Fig. SL,M) and was often indistinguishable from the SF
normal eyes (Fig. 5N). Measurements of retina and vq sizes
showed that upon SU5402 treatment, the vq contribution to eye
size increases by ~50% (Fig. 50). Conversely, SU5402 caused a
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Fig. 4. Lhx2 and Lhx9 patterns differ between CF and

SF and are affected by SU5402 treatment. Anterior is

SF A

10hpf

leftwards and dorsal is upwards. (A-E') Dorsal and lateral
views of SF (IA-E) and CF (A’-E’) embryos hybridised with
the indicated probes and at the indicated stages. At 10 hpf
the expression of Lhx2 (and Lhx9, not shown) on dorsal
views appears large, indicating a ‘flat’ neural plate. At 12
hpf, it appears narrower because neurulation and keel

formation is almost finished (see also Fig. S3 in the
supplementary material). On dorsal views, the position in
the neural plate where Lhx2 and Lhx9 expression is
observed in SF but not in CF is indicated by symbols
(asterisk for Lhx2, arrowheads for Lhx9). (F,F’) Composite
summary of the compared Lhx2 and Lhx9 patterns in SF
and CF. (G-I) Effect of SU5402 treatment on Lhx2
expression and quantification. The y-axis indicates the
percentage of embryos with a given phenotype and the
number of scored embryos is indicated in columns. Type B’
is the wild-type CF phenotype (yellow, arrow-shaped) Lhx2
pattern. Type G (grey) and type H (black) showed

| intermediate and SF-like phenotypes, respectively.

small but significant reduction of the size of the lens (Fig. 50),
which must probably be attributed to modifications of the placodal
field (Toro and Varga, 2007).

DISCUSSION

The eye defect in CF embryos has two components. One is placode
related, as the triggering event for eye degeneration is lens
apoptosis. The other is neural plate related, as the CF retina is
smaller than the SF retina and lacks a normal vq. Here, we provide
evidence that the neural plate component of the CF eye defect is
driven by modifications not only in space (Shh) but also in time
(FgfB) of the expression of signalling molecules that shape the
forebrain at neurula stage. The latter probably also explains why
the entire CF forebrain is not ventralised by Shh overexpression

(Fig. 6).

Cavefish: a natural mutant with which to analyse
interactions between signalling centres

Several papers have reported the function of Shh or Fgf8 molecules
through analysis of zebrafish or mouse mutants or loss-of-function
experiments. Here, we have taken advantage of the two Astyanax
populations to study and uncover the impact of subtle spatial and
temporal modifications of these signalling pathways on forebrain
morphogenesis. In this model system, the SF are considered as the
‘wild-type’ animals, whereas the CF and their expanded embryonic
Shh expression domain and blind adult phenotype are viewed as
the ‘mutants’. The advantage we see in this comparison is that the
modifications we uncover in CF embryos are probably adaptive, as
genetic analyses have shown that mutations in genes affecting the
eye phenotype in CF are driven by natural selection (Protas et al.,
2007).

(J,K) Effect of SU5402 treatment on Lhx9 expression and
quantification. Type D’ is the wild-type CF phenotype
(yellow, butterfly-shaped) Lhx9 pattern. Type intermediate
(grey) and type J (black) embryos showed intermediate and
SF-like phenotypes, respectively.
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We found a 2 hours difference in the appearance of Fgf8
transcripts between the two populations. We interpret this finding
by proposing that a Shh threshold level is reached earlier in the CF
anterior neural plate, as suggested by cyclopamine experiments.
Such threshold effects were recently demonstrated for Shh
signalling controlling facial morphogenesis (Young et al., 2010).
This is also consistent with mammalian data showing a loss of Fgf8
expression in the anterior neural ridge of Shh mouse mutants
(Hayhurst et al., 2008; Ohkubo et al., 2002), and with zebrafish
data showing that cyclopamine treatment from 5 hpf to 15 hpf
decreases telencephalic but not mhb Fgf8 expression (Miyake et
al., 2005). In both fish species and in mammals, Shh therefore
appears to stimulate Fgf8 expression at the rostral telencephalon.

In turn, we show with SU5402 experiments that FgfR signalling
allows the maintenance of Shh overexpression in the PcP and
hypothalamus. We observed subtle but significant differences in the
results depending on the time-window used for the SU5402
treatment. More embryos were affected when the drug was applied
from 6 to 12 hpf when compared with the 8 to 12 hpf window. This
indicates that a stimulation of Shh expression through FgfR
signalling occurs throughout gastrulation and the beginning of
neurulation. Of note, similar interactions were described in the
neural plate in other species. For example, a reduction in Fgf8 dose
leads to a diminution of Shh expression in the mouse subpallium
(Storm et al., 2006). In addition, in zebrafish, Sh# is not expressed
in the telencephalon of ace (Fgf8a) mutants (Shanmugalingam et
al., 2000), and injection of Fgf8 and Fgf3 morpholinos decrease
hypothalamic Skh expression (Walshe and Mason, 2003).

Shh and Fgf8 are powerful morphogens, known to be implicated
in the control of cell proliferation. In CF, the Shh expression
domain is expanded and Fgf8 is expressed precociously, suggesting
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Fig. 5. Comparative fate-mapping of the eye-field in SF and CF, and SU5402-induced rescue of the retina ventral quadrant in CF.
Anterior is leftwards and dorsal is upwards. (A-E) Rhodamine dextran iontophoresis in SF performed at 10 hpf. One hour after injection (i.e. at

11 hpf), embryos were photographed to record the dextran injection position on the neural plate (A, bright field, BF; A’, fluorescence, Rhod; A",
merge). Seventeen hours after injection (i.e. at 27 hpf) the eyes and brain were photographed. Several examples are shown (B-E), with labelled cells
in the ventral quadrant (vq), the dorsal retina (dr), or both. In all panels, an arrowhead indicates the ventral fissure of the retina, taken as a
landmark for the definition of the vq. (F,G) Fate-map of the anterior neural plate in SF. Injection points are colour-coded according to the location of

their progeny. Green, contribution to dorsal retina (dr,

+other forebrain parts); pink, contribution to ventral quadrant (vq, xother forebrain parts);

black, vg+dr; blue, retina (R) + hypothalamus (hyp). The superimposed dotted shading indicates for correlation the typical Lhx2 expression pattern
difference between SF and CF. (H-J") Examples of rhodamine dextran iontophoresis in CF (H-J, bright field; H'-J’, fluorescence; H"-)", merge). The
embryo shown in H-H" just after injection is also shown in I-I" at 27 hpf. It contains many cells in the depth of the dorsal retina (dr) and also in the
hypothalamus (hyp). (K) Fate-map of the anterior neural plate in CF. Colour codes are the same as for SF. Light blue: contribution to the
hypothalamus (hyp) +telencephalon. (L-N) CF embryos treated with 2 uM SU5402 between 8 and 12 hpf have a restored ventral quadrant (L,M)
comparable with a SF (N). (O) Quantification of the effect indicates a ~50% increase of the vg contribution to eye size in treated embryos versus
controls. Out of the 16 SU-treated CF embryos, seven showed a normal vq (complete rescue like in 5M), four showed a small vq (partial rescue) and
five were not rescued. Conversely, a small but significant decrease in the size of the lens was found. ***P<0.001. Data are mean+s.e.m.

that anterior neural progenitors in CF receive high doses of
proliferative signals and/or that a larger progenitor pool may be
formed at this rostral level. As preliminary evidence in favour of
this possibility, we have found a 33% increase in the number of
proliferating cells in the olfactory bulbs of CF at 36 hpf after
phospho-histone H3 staining, and we have observed that the CF
adult telencephalon is larger anteriorly with bigger olfactory bulbs
when compared with SF (see Fig. S4 in the supplementary
material). Increasing these two major signalling pathways in CF
therefore has pleiotropic outcomes on its forebrain morphogenesis
(see also Menuet et al., 2007) (Fig. 6).

The Fgf8 heterochrony in CF modulates anterior
neural plate patterning and impacts eye
morphogenesis

Anterior neural plate and eyefield patterning was analysed with two
LIM-homeodomain factors, Lhx2 and its paralogue Lhx9, as read-
outs of the influence of Shh and Fgf signalling. We choose these
markers because they are crucial eye-specification genes. Lhx2 in
particular is required for eye formation (Porter et al., 1997,
Tetreault et al., 2009; Yun et al., 2009), and is a member of a small

gene network able to induce ectopic eyes (Zuber et al., 2003). We
also found strong expression of Lhx9 in the Astyanax 10 hpf neural
plate, consistent with recently reported expression of this factor in
the Xenopus eyefield (Atkinson-Leadbeater et al., 2009).
Interestingly, Lhx2 and Lhx9 expression patterns differed between
CF and SF at the level of the medial neural plate, precisely in
spatial relationship with the zone of influence of midline signalling
systems. Lhx2/Lhx9 transcripts thus behave similarly to Pax6
transcripts in CF (Strickler et al., 2001).

Are the differences in Lhx2/Lhx9 patterns between CF and SF
due to the heterochrony of Figf8 or to the heterotopy of Shh? The
elements to consider when answering this question are as follows.
(1) The expression difference in CF versus SF occurs much earlier
for Shh than for Fgf8, suggesting that Shh expansion — itself
probably driven by earlier events — is at the origin of the Fgf8
signalling modifications in CF. Cyclopamine treatments on CF
support this hypothesis. (2) Inhibition of Shh signalling abolishes
Fgf8 expression, and inhibition of Fgf signalling rescues Lhx2/9
expression in the neural plate but also downregulates Shh
expression in the hypothalamus, suggesting reciprocal interaction
between Shh and Fgf, and epistatic relationships between Fgf and
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Fig. 6. Signalling and cell fate in the anterior plate in SF and CF
embryos and their morphogenetic consequences. None of the
regulatory interactions reported on this scheme were shown to be
direct. In SF (left), normal expression of Shh (green) and Fgf8 (red with
dots) in time and space is followed by ‘correct’ anterior neural plate
patterning, as seen through Lhx2 (blue) expression and correct
morphogenesis, in particular of a normal and complete eye with a
retina (R), including a vg. In CF (right), expanded Shh has previously
been shown to indirectly affect the lens (pink) and induce its apoptosis
(black dots) (Yamamoto et al., 2004). Here, we show that increased Shh
signalling leads to earlier expression of Fgf8 (red without dots), a
change that is probably responsible for the maintenance of a correct
anterior forebrain (tel, telencephalon, horse-shoe shaped). However, it
also leads to modifications of patterning and cell fate in the medial part
of the neural plate, as deduced from Lhx2 pattern and fate-mapping
experiments that indicate a trade-off between ventral retina (vqg) and
hypothalamus (hyp) territories. These effects are consistent with our
previous findings that the presumptive hypothalamus is enlarged in CF
(Menuet et al., 2007; Rétaux et al., 2008) and with preliminary results
indicating that the rostral-most telencephalon (olfactory bulbs) are
more developed in CF (see Fig. S4 in the supplementary material).

Lhx genes between ~10 and 12 hpf. (3) Recent data showed that
although Fgf8 was thought to act downstream of Shh signalling,
ectopic Fgf8 downregulates LAx2 telencephalic expression in Shh-
null mice, suggesting that Fgf signalling acts independently of Shh
(Okada et al., 2008). In zebrafish, SUS402 treatments have shown
that Fgf8 is required for the initiation and maintenance of Lhx2
expression, whereas using Shh pathway mutants has little effect on
Lhx2 expression (Seth et al., 2006). In Xenopus, Fgf signalling is
necessary to initiate (but not to maintain) normal expression levels
of x-Lhx9 (Atkinson-Leadbeater et al., 2009). Altogether, these
elements suggest that in Astyanax, although expanded Sk domain
is the primary difference observed in CF, it is the Fgf8
heterochrony that modifies Lhx2/Lhx9 expression in the medial
neural plate. Whether Fgf8 acts directly or not on L/x transcription
is an important issue that remains to be determined.

We also bring experimental evidence in favour of the Shh
expansion and the Fgf8 heterochrony being (indirectly, through
Lhx genes and modulation of the neural plate fate map) responsible
for the loss of vq in the CF retina. The SU5402 treatments restoring
both a Lhx2 pattern and a retina morphology mimicking a SF,
coupled to the fate-mapping experiments demonstrating that

posterior and medial cells of the anterior neural plate contribute to
the vq in SF, strongly support this idea. In addition, fully consistent
is the fact that the posterior medial cells of the anterior neural plate
in CF contribute to the hypothalamus. In addition, a few cells
injected in this area were later found in the telencephalon, a result
that was never observed in SF. This suggests a ‘trade-off” of
prospective territories between vq and hypothalamus on the one
hand, and between the retina and the telencephalon (as in Rx3
mutants, see below) on the other hand, in CF embryos. Although
the two assays cannot be performed on the same embryos for
definitive proof, we propose that the rescue of the vq in SU-treated
CF is due to the restoration of a normal, SF-like Lhx2 expression
pattern at neural plate stage.

Whereas regulation in space is often given strong importance,
the ‘physiological’ Astyanax CF model further emphasises how
regulation in time is also crucial. Of note, the modalities of
reciprocal signalling between cells expressing Shh and their
neighbours expressing Fgf8 are normal in CF, as suggested by the
double in situ hybridisation showing strictly adjacent expression in
both CF and SF. Moreover, at stages earlier than 10 hpf and later
than 12 hpf, CF and SF display an identical Fgf8 pattern (see Fig.
S1C-E’ in the supplementary material). It is therefore the 2-hour
shift in Fgf8 telencephalic expression that makes the difference.
For the CF embryo, this 2-hour advancement happens to affect the
vq negatively, but also importantly counteracts and compensates
the Shh-expanded expression domain and increased signalling onto
the rostral neural tube, allowing the CF to develop a normal
telencephalon (Fig. 6).

Why do CF first develop eyes?

The fact that CF embryos first develop eyes has puzzled
researchers because it appears like a useless dispense of energy.
However, from an early neurodevelopmental point of view, it may
have been expected. Previous fate-mapping of the zebrafish neural
plate (England et al., 2006; Varga et al., 1999; Woo and Fraser,
1995) and the present iontophoresis experiments in Astyanax show
that cells contributing to the retina and to the rest of the secondary
prosencephalon (hypothalamus plus telencephalon) are fairly
intermingled at early stages, rendering virtually impossible to
develop a normal forebrain without contributing at the same time
to the making of an eye. Thus, for a vertebrate embryo, it is
probably a strong developmental constraint to make eyes in order
to shape a correct forebrain. To our knowledge, there is no case of
a viable vertebrate embryo that would never develop eyes. In this
line, it is remarkable that ‘eye genes’ such as Pax6 or Lhx2 are also
expressed in other parts of the presumptive prosencephalon at late
gastrula/early neurula stages and strongly affect telencephalic
development in addition to leading to eyeless phenotypes when
they are mutated (Bulchand et al., 2001; Mangale et al., 2008;
Monuki et al., 2001; Porter et al., 1997; Stoykova et al., 2000). Rx3
is the only factor reported to segregate very early on the
telencephalic and eyefield territories in zebrafish (Stigloher et al.,
2006). However, the Rx3 mutation, which leads to an enlarged
telencephalon and a lack of retina, also has deleterious effects on
the anterior hypothalamus, which is reduced or missing (Stigloher
et al., 2000).

Conclusion

Using CF as an advantageous model, we show that tight temporal
regulation of signalling systems during early embryogenesis has a
crucial impact on the size and shape of a structure — the vq of the
retina. We were able, through manipulation of Fgf signalling, to
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restore this vq, which constitutes the neural plate-derived
component of the CF eye defect. It is highly probable that the
signalling modifications we describe here for Fgf8 will also impact
the other, placode-derived component of the eye, the lens, as Shh
does (Yamamoto and Jeffery, 2000; Yamamoto et al., 2004). Our
results are in favour of the idea that several morphological traits
have evolved in cavefish after modification of factors with
pleiotropic effects (Menuet et al., 2007; Protas et al., 2006;
Yamamoto et al., 2009). They also highlight the power of
developmental heterochronies in the evolution of morphological
characters.
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