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ABSTRACT

The sighted surface-dwelling (surface fish, SF) and the blind cave-living (cavefish, CF) forms
of Astyanax mexicanus offer a unique opportunity to study the evolutionary changes in develop-
mental mechanisms that lead to retinal degeneration. Previous data have shown the role of
increased midline Sonic Hedgehog (Shh) signalling in cavefish eye degeneration (Yamamoto et al.
[2004] Nature 431:844—-847). Here, we have compared the major steps of eye development in SF
and CF between 14 hours and 5 days of development. We have analyzed cell proliferation through
PCNA and phospho-histone H3 staining and apoptosis through TUNEL and live LysoTracker
analysis. We have assessed the expression of the major eye development signalling factors Shh
and Fgf8, and the eye patterning genes Pax6, Lhx2, Lhx9, and Vax1, together with the differen-
tiation marker GAD65. We show that eye development is retarded in CF and that cell prolifer-
ation in CF retina is proportionately similar to SF during early development, yet the retina
degenerates after massive apoptosis in the lens and widespread cell death throughout the
neuroretina. Moreover, and surprisingly, the signalling, patterning, and differentiation processes
leading to the establishment of retinal layers and cell types happen almost normally in CF,
although some signs of disorganization, slight heterochronies, and a lack of expression gradients
are observable. Our data demonstrate that the evolutionary process of eye degeneration in the
blind CF does not occur because of patterning defects of the retina and are consistent with the
proposed scenario in which the trigger for eye degeneration in CF is lens apoptosis. J. Comp.

Neurol. 505:221-233, 2007.
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Vertebrate eyes develop from bilateral evaginations of
the anterior neural tube, the optic vesicles. Inside the
optic vesicles, the proximal cells form the optic stalk and
later differentiate into the glial cells of the optic nerve,
whereas distal cells form the two layers of the optic cup
and later differentiate into the neural cells and pigment
epithelium of the retina. These events are highly depen-
dent on signalling and patterning processes, which are
beginning to be understood at the molecular level (for
review see Esteve and Bovolenta, 2006). In fish and am-
phibians, a large fraction of the retinal population is pro-
duced by multipotent retinal progenitors in the ciliary
marginal zone (CMZ). The CMZ is capable of producing all
retinal cell types and allows continuous growth of the
retina throughout the life of these animals (for review see
Perron and Harris, 2000). Proper eye formation also de-
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pends largely on specific and reciprocal interactions be-
tween the eye cup and the ectodermal thickening of the
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lens placode: the invagination of this placode forms an
open pit, which finally closes in the lens vesicle and whose
inner pole cells enlarges and forms the lens fibers (for
review see Reza and Yasuda, 2004).

Astyanax mexicanus is a powerful model species in
which to study the genetic and developmental mecha-
nisms underlying the evolution of eye degeneration, owing
to its two forms: an eyed, surface-dwelling form (surface
fish; SF) and several eyeless, cave-dwelling forms (cave-
fish; CF), which have evolved from an eyed ancestor
within the past 1 million years (Mitchell et al., 1971).
Although CF initially form eye primordia during embryo-
genesis, their lens begins to undergo apoptosis at about 25
hours postfertilization (hpf; Jeffery and Martasian, 1998),
an event that probably affects the lens signalling to other
eye parts (cornea, iris, and retina), which results in the
arrest of eye growth, eye degeneration, and sinking of the
degenerate eyes into the orbits (Jeffery, 2001). Evidence
for the role of the lens in CF eye degeneration has come
from transplantation experiments. Indeed, SF eye devel-
opment is retarded following transplantation of a CF lens
into an SF optic cup (Yamamoto and Jeffery, 2000). Con-
versely, transplantation of an SF lens into a CF optic cup
restores eye development. These data indicate that the CF
retina conserves the ability to respond to lens signalling
and that apoptosis is an autonomous property of the CF
lens.

Given the large number of eye markers that are cur-
rently known, only a few studies have been concerned
with regressive evolution of the CF eye. Among the gene
markers that have been studied in the developing retina of
the two forms of Astyanax, no significant differences have
been found, including for major “eye genes” such as Pax6
(Behrens et al., 1997; Strickler et al., 2001), Prox1 (Jeffery
et al., 2000), Rx1 and Vsx2 (Strickler et al., 2002). By
contrast, recent evidence for the involvement of Sonic
Hedgehog (Shh) signalling at the midline during early
embryonic development is available. Indeed, increased
midline Shh signalling in CF is responsible for hyperacti-
vation of downstream genes, lens apoptosis, and eye de-
generation (Yamamoto et al., 2004). The Shh-driven
mechanisms for lens apoptosis are probably indirect and
are still to be discovered. Moreover, genetic analyses in-
dicate that multiple genes regulate eye degeneration in
CF (Jeffery, 2001; Borowsky and Wilkens, 2002).

Retinal degeneration could be caused either by a de-
crease in the proliferation rate of the CMZ or by an in-
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crease in the rate of programmed cell death. Alternatively,
it could result from defects in the patterning mechanisms
that govern the development of retinal layers and cell
types or even in a loss of ability of cells to differentiate
properly. For example, it is known that the outer nuclear
layer (ONL) and the photoreceptor layer (among the latest
retinal layers to be formed) do not completely differentiate
and contain very few photoreceptor cells (Yamamoto and
Jeffery, 2000). To gain insights into the molecular events
underlying eye degeneration in CF, we have systemati-
cally compared proliferation and cell death patterns dur-
ing development in the eyed SF and in Pachén, one of the
CF forms of Astyanax. We have investigated whether Shh
signalling was modified inside the retina in the same
manner as it is at the CF embryonic midline. Additionally,
we have examined the expression of factors involved in
early eye morphogenesis (Pax6 and Fgf8), in retinal polar-
ity (Vax1), or in the patterning or maintenance of neuro-
nal specification and phenotype (Lhx2, Lhx9, GAD65).

MATERIALS AND METHODS
Animals

Laboratory stocks of A. mexicanus SF and CF (Pachén
population) were obtained from the Jeffery laboratory at
the University of Maryland. Fish were maintained at 23—
27°C on a 12:12-hour light:dark cycle and treated accord-
ing the French and European laws on the care and han-
dling of animals in research. Embryos were collected after
spawning and fixed at various stages in 4% paraformal-
dehyde (PFA) diluted in phosphate-buffered saline (PBS).
After progressive dehydration in methanol, they were
stored at —20°C.

For cyclopamine treatment, 15-hpf embryos were
treated for 9 hours in dishes containing 20 uM cyclopam-
ine (Sigma, St. Louis, MO) in water. Control embryos were
exposed to 0.1% ethanol, because the cyclopamine stock
solution was diluted in 100% ethanol. After treatment,
they were washed twice and maintained in fresh water
until 48 hpf. They were then fixed and dehydrated for
anatomical analysis.

RNA isolation and cDNA cloning

Total RNA from SF brains was reverse transcribed with
a random primer using AMV reverse transcriptase (Pro-
mega, Madison, WI). Partial or full-length ¢cDNA se-
quences for Lhx2 (EF175737), Lhx9 (EF175738), and
GAD65 (DQ431668) were amplified by PCR with degen-
erate primers designed after comparing the alignments
of several teleost sequences, including zebrafish (Lhx2
forward: 5'-ATGCGIACITCITTYAARCAYCAYCARCT-
3’; Lhx2 reverse: 5'-TCAGAAGAGGCTGGTYARRGTG-
3’; Lhx9 forward: 5'-ATGCTTTTCCACGGBMTSYC-3';
Lhx9 reverse: 5'-TTAGAAAAGGTTTGTCAAGGTA-3;
GADG65 forward: 5'-CACNCTGAAGAAGATGAGGG-3';
GADG65 reverse: 5'-CCANGCNYCRTCCACRTGCATCC-
3"). PCR products were subcloned in TOPO-PCR II vec-
tor (Invitrogen, San Diego, CA) and sequenced. Pax6
(AY651762) and VaxI (AY661437) cDNAs were previ-
ously isolated by Strickler et al. (2001) and Yamamoto
et al. (2004), respectively.

In situ hybridization

c¢DNAs for genes of interest were amplified by PCR with
T7, SP6, or T3 primers, and digoxygenin-labeled ribo-
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probes were synthesized from PCR product templates
(Nguyen et al., 2001). A protocol for automated whole-
mount in situ hybridization (Intavis) was performed as
previously described (Deyts et al., 2005). For efficient
probe penetration, from 36 hpf, embryos were treated with
proteinase K for 30 minutes at 37°C. Several concentra-
tions were used: 10 pg/ml for 36 hpf, 20 pg/ml for 48 hpf,
30 pg/ml for 60 hpf, 40 pg/ml for 72 hpf, and 250 pg/ml for
5-7 dpf. After hybridization, staining was developed with
NBT-BCIP solution and embryos were embedded in par-
affin and sectioned serially in the transverse plane at 8
pm, or their brains and eyes were dissected out and
mounted in glycerol for in toto analysis.

Proliferating cell nuclear antigen, phospho-
histone H3, and TUNEL staining

For proliferating cell nuclear antigen (PCNA) immuno-
staining, embryos were fixed in Clark’s solution (3:1 eth-
anol 100%: acetic acid) overnight at 4°C. They were
paraffin-embedded, sectioned as described above, and pro-
cessed for PCNA immunohistochemistry (monoclonal
anti-PCNA ascite fluid, made against a PCNA-protein A
fusion protein, which recognizes the acidic, nonhistone,
auxiliary protein of DNA polymerase, PCNA, also known
as polymerase delta accessory protein, from human to
yeast; clone PC10 from Sigma; IgG2a isotype, dilution
1/1,000) as previously described (Candal et al., 2005).
Phospho-histone H3 immunostaining (rabbit polyclonal
IgG anti phospho-H3 (serl0), made against amino acids
7—20 of human histone H3, recognizes a 17-kDa protein on
immunoblots and reacts against phospho-histone H3 from
Drosophila to man (catalog No. 06-570; Upstate Biotech-
nology/Euromedex; dilution 1/100) and was performed in
toto on PFA-fixed embryos and revealed with ABC system
(Vectastain Elite ABC kit; Vector, Burlingame, CA). Em-
bryos were then dissected and mounted in toto or dehy-
drated, paraffin-embedded, and sectioned as described
above.

Quantification of Phospho-H3 positive cells at 36 hpf
was performed by counting a/l immunopositive cells (in-
cluding neural retina and lens) on all serial sections en-
compassing the retina from the two eyes of three SF and
four CF embryos at 36 hpf. The surface area of the eye in
the same collection of serial sections was measured in
Imaged, and the total volume of each eye was then calcu-
lated, knowing that the thickness of the paraffin sections
is 8 pm. Statistical analyses were performed via two-
tailed Student’s ¢-test.

Quantification of the cmz volume at 5 dpf was per-
formed by measuring the PCNA-positive area (in Imaged)
on all serial sections (8 pm) from the two eyes of one CF
and one SF larva. The proliferation zone was then com-
pared with the total volume of the neural retina, also
measured with Imaged on the same serial sections. Quan-
tification of cyclopamine effects on proliferation was per-
formed by counting all phospho-H3-positive cells (includ-
ing neural retina and lens) on four retina sections from
five CF and five SF embryos, chosen in the most central
part of the retina (i.e., where the retinal structures are at
maximal extension). TUNEL staining was performed us-
ing the “In situ Cell Death Detection, POD kit” (Roche),
following the manufacturer’s instructions.
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Lysotracker assay

LysoTracker (Molecular Probes, Eugene, OR) is a vital
fluorescent dye that accumulates in acidic intracellular
compartments and therefore labels the phagocytosis and
autolysis step of apoptosis (for review see Watanabe et al.,
2002). Embryos were incubated for 45—-60 minutes in
LysoTracker-Green (0.05 mM in water), rinsed briefly in
fresh water, and mounted alive in water containing
MS222 (0.2 mg/ml) for imaging on an Apotome (Zeiss)
microscope. All other photographs were taken on a Nikon
E800 or a Leica DMP microscope, both equipped with a
Nikon Dxm1200 camera. Figures were assembled and im-
ages were corrected for cropping, brightness, and contrast
in Photoshop CS2.

RESULTS

A. mexicanus is a teleost fish closely related to the
well-studied zebrafish. Its development is almost identical
to that of zebrafish in the first 48 hpf, so the zebrafish
staging table can be used (Kimmel et al., 1995).

Retinal morphogenesis and cell proliferation

We first analyzed the global development and morpho-
genesis of the retina in Astyanax and investigated the
possibility that retinal degeneration in CF was due to
changes in proliferation patterns. Proliferation has previ-
ously been compared at late stages of CF and SF develop-
ment (10 dpf and 30 dpf), but no differences were reported
(Strickler et al., 2002). Thus, here we studied early stages
of retinal proliferation by phospho-histone H3 (phospho-
H3) and PCNA immunostaining. Phospho-H3 specifically
labels cells in M (mitosis) phase of the cell cycle and gives
a quantifiable staining pattern, whereas PCNA labels
cells in S phase (plus G1 and G2; Fig. 1).

Surface fish. We can distinguish three periods of ret-
ina development in SF (Fig. 1). The first period, up to 36
hpf, is characterized by the presence of a proliferating
eyefield and eye neuroepithelium, which undergoes clas-
sical morphogenetic movements of eye cup formation (Fig.
1A-E). At 36 hpf, the central region of the optic cup is
thicker than the peripheral region, but no regional differ-
entiation or layering is appreciable yet (Fig. 1E). The
second period of SF retinal development, between 48 hpf
and 72 hpf, is characterized by the progressive formation
of layers in the central part of the retina. This period
begins at 48 hpf with the appearance of a differentiating
central region where the inner plexiform layer (IPL) be-
comes recognizable (Fig. 1F-I). At all subsequent stages,
the lateral border of the IPL defines the boundary between
the differentiating central retina and the peripheral (pro-
liferating) growth zone, or ciliary marginal zone (CMZ).
Pigmentation of the retinal epithelium (outer layer of the
optic cup) starts in the central region at about 48 hpf,
indicating the beginning of its cytodifferentiation (Fig.
1F). Phospho-H3 and PCNA immunoreactivity (ir) then
disappears progressively from the retinal epithelium, fol-
lowing a central-to-peripheral gradient (compare Fig. 1D—
G). From 48 hpf onward, the outer nuclear layer (ONL) is
clearly distinguished in the most central part of the dif-
ferentiating retina (Fig. 1F,G). Moreover, the ganglion cell
layer (GCL) and numerous cells located in the inner sub-
layer of the inner nuclear layer (INL;) are PCNA negative
(Fig. 1G). The CMZ and neighboring retina contain exclu-
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Fig. 1. Proliferation analysis through phospho-histone H3 (A-F’)
and PCNA (G-I') immunohistochemistry in the developing eye of
surface fish (A—J) and cavefish (A'—J’). In toto dorsal views (A-D’;
anterior is upward) and transverse sections through the eye (E—dJ’) of
Astyanax SF (left) and CF (right) at the following stages of develop-
ment (hpf, hours postfertilization; dpf, days postfertilization). A,A’: 14

hpf; B,B’: 18 hpf; C,C’: 20 hpf; D,D’: 24 hpf; E,E’: 36 hpf, F,F': 48 hpf;
G,G": 60 hpf; H,H': 72 hpf; L,I': 5 dpf. J,J’ shows DAPI staining at 36
hpf. White dotted lines in A-D’ delineate the optic vesicle. Black
dotted lines in G and H delineate the CMZ. For abbreviations see list.
Scale bars = 50 pm in A (applies to A-D’); 50 pm in E (applies to
E-F"); 50 pm in I’ (applies to G-1'); 50 um in J (applies to J,J’).
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TABLE 1A. Quantification of Proliferation in SF and CF Retina®
Density of
Total number of Volume of the positive cells
positive cells per eye eye (um?) per pm?®

Phospho-H3, 36 hpf SF, n = 6 eyes

CF, n = 8 eyes

385 = 71
206 = 63
(—46%, P < 0.05)

1,362,192 + 156,416 2.82 107* cell/pm?®
678,368 + 189,600 3.03 107 cell/pm?
(~50%, P < 0.02) (ns)

At 36 hpf, all phospho-H3-positive cells were counted and the volume of the eyes was calculated. ns, Nonsignificant (Student’s ¢-test). See Materials and Methods for details.

TABLE 1B. Quantification of Proliferation in SF and CF Retina!

Volume of the

PCNA-positive cmz (um?)

Volume of the
retina (um?)

Percentage of retina
volume occupied by the cmz

PCNA, 5 dpf SF, n = 2 eyes

CF, n = 2 eyes

801,552
166,616 (—79% vs. SF)

5,423,821 (0.005 mm®) 14.7
951,232 (—82% vs. SF) 17.5

At 5 dpf, the volume of the PCNA-positive cmz was calculated with regard to the volume of the entire neural retina. ns, Nonsignificant (Student’s ¢-test). See Materials and

Methods for details.

sively PCNA-ir cells, and these growing borders will re-
main intensely proliferating throughout development. In
the lens and lens epithelium, proliferation progressively
decreases as development progresses (see, e.g., Fig. 1D—
G). This second period of retinal growth ends at about 72
hpf, when the outer plexiform layer (OPL) becomes clearly
distinguishable. From 72 hpf onward, the layers of the
retina extend progressively following a central-to-
peripheral gradient, characterizing the third period of ret-
inal growth, where the retina essentially consists of a
growing CMZ containing PCNA-ir cells and a differenti-
ated, PCNA-negative central retina (Fig. 1H,I).

Cavefish. A significant difference can be noted as
early as 14 hpf (Fig. 1A,A’) regarding the size of the CF
eye field/eye vesicle/eye cup. The time course analysis
shows that CF eye development seems retarded compared
with SF (e.g., compare Fig. 1B and C’, C and D’). However,
no major proliferation defect is observed in the CF form of
Astyanax during this first period of retinal growth (14 hpf
to 36 hpf): as in SF, the CF retina is an actively prolifer-
ating neuroepithelium (Fig. 1A'-E’). This qualitative
observation was ascertained by quantification of
phospho-H3 staining (Table 1A,B). At 36 hpf, the total
volume of the eye (neural retina plus lens) was reduced by
50% in CF compared with SF (Table 1A; see also Fig.
1E,E"); likewise, the total number of phospho-H3 positive
cells per eye was reduced by 46% in CF compared with SF
(Table 1A). Thus, the average density of proliferating cells
was identical in the eyes of the two populations (2.82 X
10~* phospho-H3 cell/um® in SF vs. 3.03 x 107*
phospho-H3 cell/um? in CF). Notably, as verified in toto
and on sections at various stages, the cellular density
appeared similar in the developing eye of the two popula-
tions: DAPI staining confirmed the size differences but
failed to detect a difference in cell compaction that could
underlie the difference of density of proliferating cells
reported above (Fig. 1J,J").

The progressive restriction of proliferation to the CMZ,
which is apparent at 36 hpfin SF, is retarded as well in CF
(compare Fig. 1E and E’). This retardation in CF eye
development continues during the second and third peri-
ods defined above. Although both retinal layering and
cytodifferentiation begins in 48 hpf SF, these processes
are hardly observable in CF at this stage (Fig. 1E',F’). In
60 hpf CF, as in the SF, the CMZ and the retina neigh-
boring the optic fissure contain only PCNA-ir cells,

whereas scattered PCNA-ir cells are also observed the
INL. However, in CF, two sublayers (INL; and INL,) are
not distinguishable (Fig. 1F,G,G’). The proliferation pat-
tern significantly changes in SF between 60 hpf and 72
hpf, but the CF pattern of proliferation remains essen-
tially identical during this developmental period and even
more so until 5 dpf (Fig. 1G'-I"). Notably, at 72 hpf, when
the SF retina is about twice the size of the CF retina, their
proliferative areas are comparable in size (Fig. 1H,H').
This is even more striking at 5 dpf, when the SF retina is
five times larger than its CF counterpart (Table 1B) but
when the proliferating CMZ is still very active (Fig. 11,I")
and occupies an equivalent portion of the retina volume as
in its SF counterpart (Table 1B). Proportionately, the dy-
ing CF retina proliferates as much as the growing and
healthy SF retina. In the CF form, proliferation in the lens
epithelium is also maintained until 5 days of development
(Fig. 1I'), whereas, at these same stages (48 hpf),
Yamamoto and Jeffery (2000) have shown that the lens is
dying by apoptosis (see also below).

Because the reduction of eye size in CF probably is due
to increased Shh midline signalling during early develop-
ment and subsequent reduction of the Pax6 eye field do-
main (Strickler et al., 2001; Yamamoto et al., 2004), we
next investigated whether increased Shh in CF was also
responsible for maintaining sustained proliferation in the
retina. Quantification of phospho-H3 positive cells in the
retina of 48 hpf CF embryos that had been treated with 20
M cyclopamine (cyclopamine is a potent inhibitor of Shh
signalling through binding to its receptor Smoothened; see
Menuet et al., 2007) between 15 hpf and 24 hpf demon-
strated that proliferation in CF retina was not dependent
on Shh signalling during this developmental window (data
not shown).

Programmed cell death

CF retinal degeneration is apparently not caused by
decreased proliferation, so we next compared the pattern
of cell death by TUNEL labelling on sections from SF and
CF. Previous analysis has shown massive apoptosis in the
lens of CF, starting at 25 hpf (Jeffery and Martasian,
1998) and still present at 5 dpf and 10 dpf (Soares et al.,
2004), which appears to be Shh dependent (Yamamoto et
al., 2004). Here, we investigated and compared apoptosis
in sections of the neural retina through earlier develop-
ment (Fig. 2).
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Fig. 2. Analysis of apoptosis through TUNEL labelling (A-D) and
live imaging using LysoTracker-Green (E-F’). TUNEL labelling is
shown at 48 hpf (A-B’) and 72 hpf (C,D) in surface fish (A,C) and
cavefish eye sections (B,B’,D). Arrows in B, B’, and D indicate hot
spots of apoptosis in the neural retina. In B’, arrowheads indicate
apoptosis along the optic nerve. LysoTracker-loaded surface fish
(E,E’) and cavefish (F,F’) embryos were photographed at 40 hpf under

No cell death can be detected with the TUNEL method
in SF at the studied stages (Fig. 2A,C). By contrast, apo-
ptotic cells are present in the CF retina (Fig. 2B,B’,D).
These dying cells are observed primarily and are most
numerous in the lens, but are also observed throughout
the neural retina, starting at about 48 hpf, in cells appar-
ently randomly located throughout the retinal layers.
TUNEL-positive cells were often observed as groups of
cells, which are suggestive of “hot spots” of cell death.
Moreover, in some cases, massive apoptosis was also ob-
served along the optic nerve exit (Fig. 2B’).

The amount of programmed cell death detected by
TUNEL was relatively low to account for SF/CF difference
in eye size and for CF eye degeneration process, so we
sought to analyze cell death with another, more sensitive
marker. To this end, we used the fluorescent probe Lyso-
Tracker (LT), which labels acidic organelles in living cells,
to detect apoptotic cell death on live embryos (see Mate-
rials and Methods). With this marker, two independent
experiments showed that CF eyes (n = 16) presented a
very strongly labeled lens (almost completely labeled; Fig.
2F’) and numerous LT-positive cells dispersed through
the retina (Fig. 2F’), whereas SF eyes (n = 15) had LT-
negative lens and occasionally presented one or two LT-
positive cells in the retina in the plane of the photography
(Fig. 2E'). Thus, these live imaging experiments were able
to detect significant and early (from 35 hpf, not shown)
degenerating process in the CF neural retina.

Signalling pathways

Shh. Because Shh expression is up-regulated all along
the midline of CF embryos (Yamamoto et al., 2004), be-

.‘h\
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Nomarski optics (E,F) and fluorescence (E',F’), with anterior to the
left and dorsal upward. In E’,F’, arrows point to cell death in the
retina, arrowheads indicate cell death in the lens, and asterisks
indicate important cell death reproducibly found in all embryos in the
telencephalon, which can serve as an internal control. For abbrevia-
tions see list. Scale bar = 50 pm.

cause this increased Shh signalling is, indirectly, respon-
sible for retinal degeneration, and because Shh has im-
portant functions in regulating cell cycle exit and
differentiation inside the retina (Levine et al., 1997; Sten-
kamp et al., 2000; Shkumatava et al., 2004; Moshiri et al.,
2005; Shkumatava and Neumann, 2005; Wang et al.,
2005), we compared Shh expression in SF and CF devel-
oping eye (Fig. 3A,B). At 48 hpfin SF and CF, ShAx mRNA
is expressed in the GCL, with a relatively higher expres-
sion in the center of the retina, but not in other cell layers
nor in the CMZ; Shh is not expressed in the lens but is also
consistently expressed in the retinal pigment epithelium
(nonpigmented in the case of CF). No significant difference
between SF and CF could be detected either in the pattern
or in the intensity of Shh expression (Fig. 3A,B). Identical
results were found at 60 hpf (data not shown).

Fgf8. Fgf8 has recently been postulated as a local
retina organizing center that initiates retinal differentia-
tion (Martinez-Morales et al., 2005) and axial patterning
of the retina (Picker and Brand, 2005). Martinez-Morales
et al. (2005) also found that this Fgf8 signalling center is
localized in a species-specific manner. In Astyanax, Fgf8 is
expressed in the most central part of the CMZ at 48 hpf
(Fig. 3C,D). As for the Shh signalling system, no signifi-
cant differences are observed with respect to Fgf8 mRNA
expression between SF and CF populations (identical re-
sults at 60 hpf; data not shown).

Homeodomain-containing patterning factors

Pax6. Because Pax6 has been shown to be indispens-
able for the development of various retinal cells and plays
important roles in lens development (see the introductory
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Fig. 3. Expression of Shh (A,B) and Fgf8 (C,D) mRNA in the
developing eye of surface fish (left, A,C) and cavefish (right, B,D) at 48
hpf. For abbreviations see list. Scale bar = 50 pm.
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paragraphs), we analyzed its expression pattern during
SF and CF development.

Surface fish. In 36 hpf SF, Pax6 mRNA is observed
throughout the lens and in the prospective GCL and INL
(Fig. 4A). As development proceeds (in 48 hpf SF), Pax6
expression increases in the CMZ, the GCL, and the inner
part of the INL (INL,); conversely, it decreases in lens,
except in the lens epithelium (Fig. 4C). In 60 hpf SF, Pax6
mRNA expression is detected in the CMZ and INL,,
whereas it decreases in the GCL and lens epithelium (Fig.
4E).

Cavefish. In 36 hpf CF, Pax6 mRNA expression is ob-
served throughout the lens and in the prospective GCL
and INL of the immature, disorganized, and pseudostrati-
fied retina, although the relative number of Pax6-
expressing cells is clearly higher than in SF (Fig. 4A,B).
Increasing numbers of Pax6-positive cells are observed in
48 hpf CF (Fig. 4D). Unlike the SF form, the number of
Pax6-expressing cells does not decrease in 60 hpf CF,
where they are observed throughout the GCL, INL;, radial
“ectopic” columns in the INL,, and even the ONL. They
are also observed in the lens epithelium (Fig. 4F).

Lhx2 and Lhx9. Lhx2 and Lhx9 are two paralog mem-
bers of the LIM-homeodomain transcription factor family.
Lhx2, which is part of the genetic network for vertebrate
eye development (Zuber et al., 2003), is supposed to have
a role in the control of proliferation in the forebrain (Por-

Fig. 4. Expression of Pax6 (A-F), Lhx9 (G-L), and Lhx2 (M-R)
mRNA in the developing eye of surface fish (A,C,E-G,I,K-M,0,Q) and
cavefish (B,D,F-H,J,L-N,P,R) at 36 hpf (A,B-G,H-M,N), 48 hpf (C,D—
1,J-O,P), and 60 hpf (E,F-K,L-Q,R). In the Pax6 panel (F), arrow-
heads point to “ectopic” columns of Pax6-positive cells extending into
the outer nuclear layer. Note that, for this and following figures, we do
not consider the staining intensity of the ISH, which is not a quanti-

tative method, but exclusively differences in pattern (gradients, ab-
sence or presence of expression, shape or extension of an expression
domain). Also note that the studied genes are also expressed in the
brain, which can be taken as an “internal control” of ISH. As indicated
for stage 60 hpf, expression of Pax6 in prosomere 3 (p3) and Lhx2/
Lhx9 in prosomere 2 (p2) and hypothalamus (h) is identical in both
populations. For abbreviations see list. Scale bar = 50 pm.
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ter et al., 1997; Ando et al., 2005). Lhx2~~ mice are eyeless
(Porter et al., 1997). On the other hand, nothing is known
of the role or expression of Lhx9 during eye development.
Here, we describe similar but distinct cellular expression
of the two LIM-hd paralogs in the Astyanax retina as well
as differences in expression between CF and SF forms.

Lhx2.

Surface fish. Lhx2 is not expressed in the 24 hpf or 36
hpf SF retina (Fig. 4M). One day later, in 48 hpf SF, a
discontinuous, patchy, Lhx2 mRNA expression is observed
in the INL;, and a few cells are labelled in the CMZ (Fig.
40). In 60 hpf SF, gaps of Lhx2 expression are still ob-
served in the most central part of the INL; notably, Lhx2
expression in the CMZ is stronger than at earlier stages
and appears in its most marginal part, i.e., in a pattern
that appears complementary to that of Fgf8 (compare
Figs. 4Q and 30C).

Cavefish. In contrast to the case in SF, Lhx2 expres-
sion in CF is already detectable at 36 hpf at the margin of
the retina (Fig. 4N). In 48 hpf CF, the global Lhx2 pattern
is comparable to that of SF (discontinuous expression in
the INL;), but the relative number of Lhx2-expressing
cells in the CMZ is higher than in SF, particularly in its
most marginal part (Fig. 4P). In contrast to the case in SF,
Lhx2-expressing cells are still numerous in the most cen-
tral retina of 60 hpf CF and reflect a relative disorganiza-
tion of the CF retina (Fig. 4R). CMZ Lhx2 expression
continues to be much greater in CF than in SF at 60 hpf.

Lhx2 is the only marker we have found to be expressed
earlier in CF retina. It is expressed in the CMZ and has a
suspected role in proliferation (see Discussion). We thus
tested whether cyclopamine treatment in CF would delay
its onset of expression in the CMZ. At 36 hpf, Lhx2 was
already strongly expressed in the CMZ of treated embryos
(n = 11/11; data not shown), indicating that its early onset
in CF is not dependent on Shh signalling between 15 hpf
and 24 hpf and reinforcing the results found with cyclo-
pamine treatment on proliferation experiments.

Lhx9.

Surface fish. Like Lhx2, Lhx9 is not expressed in the
Astyanax retina at 24 hpf (not shown). Starting at 36 hpf,
Lhx9 mRNA expression is observed bordering the future
CMZ. Since all cells at this stage are PCNA-ir, Lhx9 could
specify the limits of the future differentiation zones. Lhx9
expression is also detected in the INL; (Fig. 4G), in a
region that is free of mitotic (phospho-H3 positive) cells. In
48 hpf SF, a homogeneous Lhx9 expression is observed in
the INL,, which is absent from the CMZ (Fig. 41). In 60 hpf
fishes, Lhx9 expression is strongly decreased in the most
differentiated central INL; (almost absent), although it
keeps bordering the CMZ (Fig. 4K).

Cavefish. In 36 hpf CF, as in SF, Lhx9 borders the
future CMZ and is also observed in the INL, where it
labels a seemingly broader “layer,” probably reflecting the
disorganization of the CF retina (Fig. 4H). At 48 hpf, a
discontinuous, again relatively disorganized expression of
Lhx9 is observed in the INL;, although this gene marker is
now absent from the CMZ (Fig. 4J). At 60 hpf, Lhx9
expression is not down-regulated in the CF central retina
and is therefore similar to that observed in the SF form at
previous developmental stages (48 hpf); that is, a homo-
geneous expression is observed in the INL, and expression
is absent from the CMZ.

Vax1. Vertebrate Vax genes (VaxI and Vax2) are
Emx-related homeodomain containing genes that are im-

The Journal of Comparative Neurology. DOI 10.1002/cne
A. ALUNNI ET AL.

plicated in the dorsoventral patterning of the neural ret-
ina (Barbieri et al., 1999; Schulte et al., 1999), the devel-
opment of the optic stalk, and the closure of the choroid
fissure (Barbieri et al., 1999; Take-uchi et al., 2003). Their
expression is regulated by Shh, and possibly Fgf, signals
(Take-uchi et al., 2003). We thus analyzed the distribution
of one of these genes in the two forms of Astyanax (Fig. 5).

Surface fish. At 24 hpf, Vax1 is expressed as a ventral
belt at the diencephalic level: a continuous band of expres-
sion is observed in the ventral diencephalon and the optic
stalks (Fig. 5A,B), as in zebrafish (Take-uchi et al., 2003).
At 36 hpf, 48 hpf, and 60 hpf, Vaxl expression is still
readily detected in the ventral diencephalon. Moreover, in
the eye, VaxI is confined to the ventral retina and is
progressively restricted to the ventral CMZ, with occa-
sional faint labelling in the ventral aspect of the INL (Fig.
5B-D).

Cavefish. At 24 hpf, and as has already been shown to
be a consequence of increased midline Shh signalling by
Yamamoto et al. (2004), CF diencephalic VaxI expression
is expanded compared with SF (Fig. 5E). At 36 hpf, the
expansion of the Vax1 domain, although present, is less
prominent (Fig. 5F), and its expression in the ventral
retina becomes comparable to that in SF embryos. By 48
hpf, although diencephalic Vax1 expression is still strong
(asterisk in Fig. 5G) and slightly expanded compared with
SF (not shown), the CF retina has down-regulated this
marker in its ventral region (Fig. 5G). Finally, at 60 hpf,
Vax1 is no longer expressed in the CF ventral retina,
although strong hybridization signals can still be readily
detected in the diencephalon (asterisks in Fig. 5H).

A terminal differentiation marker: GADG5

v-Aminobutyric acid (GABA) is a major inhibitory trans-
mitter of the teleost retina (Marc and Cameron, 2001;
Yazulla and Studholme, 2001). Glutamic acid decarboxyl-
ase (GADG65) is one of the two rate-limiting enzymes for
GABA biosynthesis and can therefore be used as a marker
for differentiated, GABAergic neurons. In both SF and CF
forms of Astyanax, the expression of GAD65 mRNA is first
detected at about 48 hpf.

Surface fish. In 48 hpf fishes, GAD65 mRNA expres-
sion is observed in the INL,. This expression is particu-
larly concentrated in the central retina and rather diffuse
to the periphery, i.e., follows the expected differentiation
gradient (Fig. 6A). GAD65 expression remains similar in
60 hpf embryos. In both 48 hpf and 60 hpf embryos, a weak
ventral-high to dorsal-low gradient of GAD65 expression
is reproducibly found in the SF retina (Fig. 6A,C).

Cavefish. In 48 hpfand 60 hpf CF, GAD65 expression
is homogeneously observed in the INL;, in a relatively
larger “layer” than in SF (Fig. 6B,D), a finding comparable
to what has been found for Lhx9 (see Fig. 41,J). Moreover,
CF eyes do not present any ventrodorsal gradient of
GADG65 expression, a result that is therefore parallel to
the absence of ventralizing Vax1 factor in the CF retina
(Fig. 5H).

DISCUSSION

To understand better the molecular and cellular mech-
anisms involved in CF eye development and degeneration,
we have systematically compared cell proliferation, cell
death, signalling molecules, and genetic specification in
the retina of Pachén CF and their surface counterparts.
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A E

Fig. 5. Expression of VaxI mRNA in the developing eye of surface
fish (left, A-D) and cavefish (right, E-H). Stages are as follows: A E:
24 hpf; B,F: 36 hpf; C,G: 48 hpf; D,H: 60 hpf. A,E show in toto ventral
views, whereas B-H show transverse sections through the eye. The
inset in H is an in toto lateral view of a 60-hpf embryo, showing the
absence of VaxI mRNA in the retina, whereas the diencephalon
behind exhibits strong expression. The arrowheads point to the ab-
sence of Vaxl signal in the ventral CMZ of cavefish, whereas the
asterisks indicate strong labelling in the diencephalon. Dashed lines
in A and E delineate the eyes. For abbreviations see list. Scale bar =
50 pm.

We found that CF eyes show surprisingly correct prolifer-
ation, patterning, and differentiation processes and that
they begin to degenerate by apoptosis in the lens at 24 hpf
and in the neural retina at about 35 hpf (Fig. 7).
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Fig. 6. Expression of GAD65 mRNA in the developing eye of sur-
face fish (A,C) and cavefish (B,D) at 48 hpf (A,B) and 60 hpf (C,D). The
arrow in D points to an “ectopic” GAD65-positive cell in the ONL. For
abbreviations see list. Scale bar = 50 pm.

Proliferation and apoptosis patterns

In fish and amphibians, a large fraction of retinal neural
cells is produced by progenitors of the CMZ (for review see
Harris and Perron, 1998; Perron and Harris, 2000). In
addition, slowly dividing cells are continuously born in the
INL and then migrate into the ONL (Faillace et al., 2002).
Such a pattern has been found in several fishes, including
zebrafish and trout (Marcus et al., 1999; Candal et al.,
2005), and in the eyed surface form of Astyanax (present
results). Here, we show that an active CMZ is also present
in CF, suggesting that CF retina regression is not due to
an early proliferation defect. At later stages of develop-
ment (10 dpf to 30 dpf), Strickler and colleagues (2002)
have shown that the CMZ progeny incorporate normally
in the central retina of CF. The results of both studies
suggest that the CF retina may attempt to compensate for
small size and for defective signalling from the lens and/or
for cell death by maintaining a very active and large CMZ
in proportion to its overall size (see Fig. 1). In addition, the
CF retina has numerous “ectopic” PCNA-positive or
phospho-H3 cells in all layers of the central retina, even at
late stages (5 dfp). Moreover, quantification of phospho-
H3-positive cells indicates that the proliferation rate is
proportionately similar in the CF and SF eyes. Increases
in the normal rate of proliferating cells in the INL have
been found after injury in teleost fishes, when a part of the
retina activates mitotic activity of proliferating cells in the
INL near and far from the lesion (Faillace et al., 2002).
Thus, the presence of numerous proliferating cells in the
central retina of CF can be viewed as a sign of retinal
stress.

Similar conclusions can be drawn concerning lens pro-
liferation. Both in SF and in CF, the lens epithelium
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proliferates continuously; its posterior cells exit the cell
cycle and transform into primary fibers in the case of SF or
undergo massive cell death in the case of CF (for a recent
review on lens development see Reza and Yasuda, 2004).
Thus, the degenerating CF lens epithelium proliferates
normally, and lens degeneration seems to be due exclu-
sively to apoptosis of fiber cells. Recent data suggest that
the heat shock protein chaperone hsp90«a has a role in this
process, although it remains unclear how lens apoptosis is
initiated by this molecule (Hooven et al., 2004).

We have confirmed and imaged in live embryos that lens
apoptosis, which starts at 25 hpf (Jeffery and Martasian,
1998), is continuous and massive through embryonic
stages. It has been previously shown that this event is
causal in CF eye degeneration (Yamamoto and Jeffery,
2000). In addition, we describe significant cell death inside
the neural retina, starting at about 35 hpf. There, the few
“hot spots” of apoptotic cells observed by TUNEL could not
account for the size reduction of the CF retina compared
with SF (which can already be observed as early as 14 hpf,
i.e., long before the onset of apoptosis). This led us to
analyze cell death in live animals using LysoTracker, a
fluorescence-labelled probe which accumulates in acidic
cellular compartments. This method allowed the detection
of earlier and greater cell death in the neuroretina than
when measured with the TUNEL method. A higher sen-
sitivity of the LT method was similarly reported in other
developmental systems, such as heart morphogenesis
(Schaefer et al., 2004), and is attributed to the fact that LT
detects apoptotic bodies whether they have fragmented
DNA or not, whereas TUNEL detects only apoptotic bod-
ies with concentrated DNA fragments (Watanabe et al.,
2002; Schaefer et al., 2004). The possibility that LT de-
tects other forms of cell death (necrosis, autophagy) still
remains, but the same holds true for TUNEL (Watanabe
et al., 2002). With respect to the CF retina, our results
indicate significant apoptosis in the neural retina as early
as 35 hpf and suggest that apoptotic cells are probably
rapidly removed.

Shh and neurogenesis

In fish and amphibians, CMZ progenitors differentiate
into all retinal types, which incorporate seamlessly into
the retina as the eye grows. A CMZ has also been demon-
strated in chick, although it is not capable of differentiat-
ing into all cell types (Fisher and Reh, 2000; Reh and
Fisher, 2001). Neurogenesis occurs in several waves, and
progenitors depend on Shh as a proliferative signal both
during embryonic development and at the CMZ after
hatching (Moshiri et al., 2005). Shh is able to bias CMZ
progenitor cells toward retinal ganglion cells (RGC): the
first neurons to be born in the first wave of differentiation
in the retina are the RGC, and they express Shh (Shku-
matava et al., 2004; Moshiri et al., 2005; Cheng et al.,
2006). Shh produced by differentiated RGC maintains the
proliferation of the progenitor cells localized ahead of the
wave front and thus is thought to propagate the wave of
RGC genesis (Neumann and Nuesslein-Volhard, 2000). A
second wave generates amacrine cells expressing Shh and
overlaps with the first RGC wave, but does not depend on
it, insofar as it occurs in the absence of RGC (Shkumatava
et al., 2004). Another, distinct wave of Shh expression
occurs in the retinal pigmented epithelium and seems
responsible for the propagation of photoreceptor differen-
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tiation in the ONL (Levine et al., 1997; Stenkamp et al.,
2000).

Because a modification of Shh along the cavefish embry-
onic midline at neural plate stage is (indirectly) responsi-
ble for lens apoptosis and eye degeneration (Yamamoto et
al., 2004), we sought to analyze Shh expression in the
retina. We observed in Astyanax the two “waves” of Shh
retinal expression in the RGC and the RPE, both in SF
and in CF. Hence, the first wave of neurogenesis that
allows differentiation of RGC seems to occur normally.
The formation of an IPL in the 48 hpf CF (which coincides
with the formation of the same layer in the SF) supports
this idea, because RGC have a role in organizing the
presynaptic inputs, and the formation of the IPL is de-
layed when ganglion cells are never born (Kay et al.,
2004). In addition, we observed the formation of an INL in
both CF and SF, suggesting that the second wave of neu-
rogenesis, which gives rise to amacrine cells, also happens
normally in CF. Finally, we observed identical expression
of Shh in CF and SF retina “pigment” epithelium (unpig-
mented in the case of CF). Thus, the photoreceptor differ-
entiation defect described in CF (Langecker et al., 1993;
Yamamoto and Jeffery, 2004) does not occur through mod-
ified Shh signalling. As a whole, it is therefore very un-
likely that a modification of Shh signalling locally inside
the CF retina is responsible for differentiation defects and
cell death. We can further conclude that the up-regulation
of Shh previously observed at the embryonic midline
(Yamamoto et al., 2004) is not observed in the retina, an
observation that suggests that regulation of Shh expres-
sion in the CNS midline and in the bilaterally developing
retina are distinct. Finally, we can deduce from cyclopam-
ine treatments that increase in midline signalling during
eye development (between 15 hpf and 24 hpf) is not re-
sponsible for sustained proliferation in their eyes, a phe-
nomenon that can rather be viewed either as a compen-
sation mechanism due to retinal stress or as an attempt to
recover from developmental delay and to regulate eye size.

Shh stimulates proliferation of CMZ progenitors of post-
hatching animals in vivo (Moshiri et al., 2005), and
changes in the Shh signalling system may be involved in
the reduction in postembryonic retinal growth of mam-
mals. However, a reduction of Shh expression is not ob-
served in CF. Although Shh mRNA expression should not
be taken as an index of Shh signalling, our data neverthe-
less suggest that the neurogenic waves occur normally,
and that reduced size and degeneration are a secondary
phenomenon during CF retina development. This conclu-
sion is also supported by the globally highly similar ex-
pression patterns of retinal transcription and differentia-
tion factors we observed in CF compared with SF.

Pax6

Seemingly divergent conclusions have been proposed for
the involvement of Pax6 in the evolution of CF eye regres-
sion. Using radioactive in situ hybridization, Behrens et
al. (1997) have found no difference in pattern, strength, or
time course of Pax6 mRNA expression between the sur-
face form and the Piedras CF of Astyanax. Conversely,
using Pax6 immunohistochemistry, Strickler et al. (2001)
have found slight differences in the lens and the corneal
epithelium of Pachén CF compared with SF, which, to-
gether with their major finding on early neurula differ-
ences of Pax6 expression at the anterior midline, led them
to suggest that changes in Pax6 expression are involved in
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Fig. 7. Comparison of SF and CF development, showing the suc-
cessive events leading to eye degeneration in CF. See text for details.
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the evolution of CF eye regression. Here, we used nonra-
dioactive in situ hybridization for Pax6 mRNA. As with all
other markers used, we do not consider differences of
intensities of the hybridization signal but only differences
in pattern (gradient, absence or presence, shape and ex-
tension of a domain). Although the major features of Pax6
expression are similar between CF and SF, in that both
forms show labelling in the lens (at 36 hpf) and lens
epithelium (at later stages), and, for the CMZ, GCL, and
INL, we observe 1) a wider expression and 2) a disorgani-
zation of Pax6 expression throughout the eye. We suggest
that the discrepancies in previous investigations are due
mainly to the techniques employed, to the ages of the
embryos, and/or to the form of CF used. Our results favor
an involvement of Pax6 in eye degeneration in Pachon CF,
but the type of expression changes we observe in their
eyes cannot discriminate between a scenario in which
Pax6 up-regulation is a consequence of retinal degenera-
tion and a scenario in which Pax6 change is causal in
retinal degeneration (see also below).

Patterning and differentiation

We have isolated and used three markers that label the
differentiating and/or differentiated INL: Lhx2, Lhx9, and
GADG65. Consistent with a role of the two LIM-hd factors
in neuronal differentiation, their expression in the central
retina appears after 36 hpf (LAx9) or after 48 hpf (Lhx2),
when the first waves of neurogenesis concerning the gan-
glion cells and the INL arise. Similarly, the GABA biosyn-
thesis enzyme is first detected at stage 48 hpfin the INL,
a labelling that probably corresponds to the GABAergic
amacrine cells. As noted above, there are no gross pattern-
ing defects in the CF retina compared with its SF coun-
terpart. The layer of Lhx2/Lhx9/GAD-expressing cells is
slightly larger in the CF retina; a slight (but probably
important) heterochrony in the expression patterns is
sometimes detected (Lhx9 in CF at 60 hpf is very similar
to the SF 48 hpf pattern; Lhx2 onset of expression is
earlier in CF); and some signs of disorganization can be
observed (e.g., Lhx2/Lhx9 patches or columns of cells or

231

“ectopic” GAD65 in CF). However, the patterning pro-
cesses appear to occur in a remarkably normal fashion,
and, apart from its small size, the CF neural retina devel-
ops according to a normal program. This probably explains
how lens transplantation from a SF into a CF embryo is
able to rescue CF eye development (Yamamoto and Jef-
fery, 2000): before cells of the central retina start dying at
about 35 hpf, the CF neural retina is healthy and develops
normally, despite its small size.

Lhx2 is one of the six known “eye field transcription
factors” that can induce ectopic eyes in Xenopus (Zuber et
al., 2003). It has recently been isolated in zebrafish as the
gene affected in the belladonnal (bel) mutant (Seth et al.,
2006). In contrast to the Lhx2~~ mice, which are eyeless
(Porter et al., 1997), bel zebrafish do have eyes, although
they lack most amacrine cells and are small and disorga-
nized (Seth et al., 2006). Our observation in Astyanax of
Lhx2 expression in the INL is consistent with these recent
findings. We have also observed that Lhx2 is expressed in
the proliferating CMZ and that the onset of this expres-
sion is delayed in time in SF compared with CF'. Insofar as
a general role for Lhx2 in the positive control of prolifer-
ation in the nervous system is strongly suspected (Porter
et al., 1997; Ando et al., 2005; Seth et al., 2006), and
insofar as proliferation markers indicate that the CF eye
proportionately proliferate as much as the SF eyes, it may
be relevant to interpret the advanced onset of Lhx2 ex-
pression in CF as an attempt to compensate for the ongo-
ing process of degeneration. The absence of effect of cyclo-
pamine treatment on the onset of Lhx2 expression in CF is
in favor of this hypothesis; it parallels the similar lack of
effect found on phospho-H3 proliferation pattern.

Retinal polarity

Axial eye patterning determines the positional code of
RGCs, which is crucial for the establishment of the topo-
graphic representation of retinal inputs onto the optic
tectum (for reviews see Retaux and Harris, 1996; Goodhill
and Richards, 1999; Lemke and Reber, 2005). Vax genes
probably play a key role in this process. They ventralize
the embryonic eyes (Barbieri et al., 1999; Mui et al., 2005),
and they are induced by Shh (Take-uchi et al., 2003). One
difference we have found between CF and SF retinas
concerns Vaxl expression. Whereas VaxI is expanded at
early stages in CF, it is notably absent from the ventral
retina of CF at late stages of development. This is one of
the few examples of a gene down-regulated in CF; most
developmental patterning genes previously studied seem
to be up-regulated in CF (Yamamoto et al., 2004; Menuet
et al., 2007). Moreover, the absence of the ventralizing
Vax1 factor is accompanied by the absence of a GAD65
gradient in the CF neural retina, again indicating a dor-
soventral polarity defect in the CF eye. A transient reti-
notectal projection does develop in CF, although it is re-
duced and unresponsive to light stimuli (Voneida and
Sligar, 1976; Soares et al., 2004). It would therefore be
interesting to investigate whether this projection is devoid
of any topographical organization.

Fgf8 was recently demonstrated to signal nasotemporal
axial patterning in zebrafish (Picker and Brand, 2005). On
the other hand, dorsoventral eye patterning involves
Bmp4, which is expressed in the dorsal region of the eye
and leads to up-regulation of the dorsal factor Tbx5 and to
down-regulation of the ventral factors Vax and Pax2 upon
misexpression (Koshiba-Takeuchi et al., 2000; Sasagawa
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et al., 2002). As confirmed by our cyclopamine experi-
ments (not shown), midline-derived Shh is responsible for
Vax regulation and diencephalic patterning, and recent
results have suggested a collaboration of retinoic acid and
Fgfs with Shh for the ventralization of the eye (Lupo et al.,
2005). Thus, the ventralization defect we observe here in
CF eyes that do not express VaxI in the correct place and
time is probably a consequence of the changes in midline
signalling previously described in CF (Yamamoto et al.,
2004) and further exemplifies the role of early midline
signalling in axial patterning of the eyes during develop-
ment.

CONCLUSIONS

Taken together, our data show that global neurogenesis,
patterning, and differentiation processes are relatively
surprisingly “correct” in the CF neural retina. If the de-
velopmental program is correctly followed in the CF eye,
then why do cells die, and why does the retina degenerate?
The major difference between SF and CF developing eyes
is their relative size, and the origin of this difference
probably is to be found at neural plate stage, when in-
creased midline signalling in CF reduces the eye field size
(Strickler et al., 2001; Yamamoto et al., 2004). On the
other hand, we have detected important cell death inside
the neural retina with live LysoTracker experiments. This
happens precisely a few hours after the lens enters into
apoptosis. It is thus tempting to speculate that CF retina
cells die as a consequence of defective signalling from the
dying lens. The next step in understanding CF eye degen-
eration will clearly involve the analysis of lens-to-retina
communication and of the initial trigger for lens apoptosis.
The time course and anatomical analyses performed in the
present study suggest that the origin of eye degeneration
in CF should be discovered at very early stages of signal-
ling and patterning of the neural plate.
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