Pax6 activity in the lens primordium is
required for lens formation and for correct
placement ot a single retina in the eye
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The Pax6 transcription factor plays a key role in ocular development of vertebrates and invertebrates.
Homozygosity of the Pax6 null mutation in human and mice results in arrest of optic vesicle development
and failure to initiate lens formation. This phenotype obscures the understanding of autonomous function of
Pax6 in these tissue components and during later developmental stages. We employed the Cre/loxP approach
to inactivate Pax6 specifically in the eye surface ectoderm concomitantly with lens induction. Although lens
induction occurred in the mutant, as indicated by Sox2 up-regulation in the surface ectoderm, further
development of the lens was arrested. Hence, Pax6 activity was found to be essential in the specified ectoderm
for lens placode formation. Furthermore, this mutant model allowed us for the first time to address in vivo
the development of a completely normal retina in the absence of early lens structures. Remarkably, several
independent, fully differentiated neuroretinas developed in a single optic vesicle in the absence of a lens,
demonstrating that the developing lens is not necessary to instruct the differentiation of the neuroretina but
is, rather, required for the correct placement of a single retina in the eye.

[Key Words: Pax6; lens induction; lens placode; optic vesicle; Cre/loxP; conditional knockout]

Received June 30, 2000; revised version accepted September 8, 2000.

The vertebrate eye develops from different tissue com-
ponents including the facial surface ectoderm (SE), the
optic vesicle (OV), a lateral evagination from the wall of
the diencephalon, and the surrounding mesenchyme.
Successive signals between the OV and the SE are
thought to mediate the coordinate development of these
two structures. The OV contacts the lens-competent ec-
toderm and induces a response that leads to the thick-
ening of the ectoderm, termed lens placode. While the
lens placode internalizes to form the lens vesicle, the
distal part of the OV invaginates to form the optic cup
with the inner layer developing into the neuroretina
(NR) and the outer layer forming the retinal pigmented
epithelium (RPE; Pei and Rhodin 1970). The signals di-
recting the coordinate growth of these two tissue com-
ponents have been the subject of extensive investigation
by classical embryologists (Lopashov and Stroeva 1961;
Grainger 1992). While the requirement of the OV for lens
induction has been well documented and recently re-
evaluated (Grainger 1992; Grainger et al. 1997) the influ-
ence of the early lens structure on the development of
the retina is poorly defined.

Pax6 is a paired-domain and homeodomain-contain-
ing transcription factor necessary for normal develop-
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ment of the eye, nose, pancreas, and brain (Walther and
Gruss 1991; Schmahl et al. 1993; St-Onge et al. 1997). In
the embryonic eye, Pax6 expression from embryonic day
8 (E8) onward is before any morphological differentiation
(Walther and Gruss 1991; Grindley et al. 1995). In the SE,
expression of Paxé starts before placode formation. Ex-
pression is maintained in the differentiating lens and
persists in the adult lens and corneal epithelium. The
expression of Pax6 in the anterior neural plate includes
the optic pit from which the OV evaginates. In the OV,
Pax6 expression is restricted distally and is excluded
from the optic stalk and the RPE. As neuronal differen-
tiation is initiated, Pax6 expression is down-regulated in
most differentiating neurons but is maintained in the
ganglion and amacrin cells. This dynamic and evolution-
arily conserved expression pattern suggested that Pax6
plays different roles during eye development (Macdonald
and Wilson 1997).

Eye development is extremely sensitive to the levels of
Pax6. Reduction in the levels of Pax6 in heterozygotes
for a Pax6 null allele results in ocular abnormalities in-
cluding Aniridia in humans (Glaser et al. 1995) and
Small eye in mice and rat (Hogan et al. 1986; Hill et al.
1991; Matsuo et al. 1993). Interestingly, overexpression
of Pax6 in mice also results in microphthalmia and loss
of photoreceptors, demonstrating a function of Pax6 in
retinal specification (Schedl et al. 1996). Moreover, eye
structures do not develop in mice homozygous for the
Pax6 null allele. In the absence of Pax6 activity, the OV
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evaginates from the brain, but contact with the SE is not
maintained, the NR and RPE do not differentiate, and
finally, the OV degenerates. The SE-derived eye struc-
tures are completely absent, as lens induction does not
occur in the mutants (Grindley et al. 1995). This com-
plex phenotype obscured attempts to study the autono-
mous functions of Pax6 in these mutually interacting
tissue components and to address the later roles of this
gene (Grindley et al. 1995).

To study the in vivo functions of Pax6 specifically in
the lens surface ectoderm after lens induction, and to
reveal the role of the lens primordium in retina develop-
ment, we employed the Cre/loxP approach. We gener-
ated a spatially and temporally defined somatic deletion
of Pax6 in the SE (Le-mutant). We demonstrate that Pax6
in the specified lens ectoderm is required for lens placode
formation, and we identify possible downstream targets
of Pax6 in the ectoderm. Furthermore, we define for the
first time the influence of the lens placode on the pat-
terning and morphology of the retina. We show that the
early lens structures are required for the correct place-
ment of a single retina in the eye.

Results

Establishment of the Pax6°* line and the somatic
mutation of Pax6 in the eye SE

To address the functions of Pax6 in vivo in defined tissue
components of the eye at a specific developmental stage,
we employed the Cre/loxP recombination approach (Gu
et al. 1994). A mouse line was established in which the
region encoding the amino terminus of Pax6, including
the initiator methionine and most of the paired domain,
was flanked by two loxP sequences (Fig. 1A,B). Mice car-
rying the targeted allele with the neomycin selection
cassette in the intron between exons 6 and 7 revealed a
hypomorphic phenotype (R. Ashery-Padan and P. Gruss,
unpubl.). After removal of the selection cassette the phe-
notype of Pax6/°*/Pax6"°* (Fig. 1B) mice was completely
reversed to normal.

A 6.5-kb genomic fragment from the mouse Pax6 gene
(Fig. 1C) has been shown to activate Pax6 expression in
the SE and, subsequently, in the developing lens, cornea,
and pancreas in transgenic mice (Williams et al. 1998;
Kammandel et al. 1999; Xu et al. 1999). We used this
fragment to activate the expression of Cre and green
fluorescence protein (GFP) from a bicistronic cassette in
a transgenic mouse line termed Le-Cre (Fig. 1C). The
expression of the transgene was followed by detection of
GFP fluorescence, whereas the recombination pattern
mediated by the Le-Cre line was characterized by analy-
sis of the progeny obtained from the cross with the Z/AP
reporter line (Lobe et al. 1999; Fig. 1D-F). In this reporter
line, Cre-mediated excision removed the LacZ/neomy-
cin fusion gene, allowing the expression of the human
alkaline phosphatase (hAP) reporter.

The onset of Le-Cre transgene expression in the eye
was evident from E9 onward. At E9.5, the Cre-mediated
recombination was detected in most cells of the SE ex-
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Figure 1. Targeted insertion of loxP sites into the Pax6 gene
and analysis of Cre activity in the Le-Cre transgenic line. Struc-
ture of wild-type (A) and targeted (B) Pax6 loci. One loxP site
was introduced in exon 4 upstream of the first ATG. The second
loxP was followed by the selection cassette flanked by FRT
sequences inserted between exons 6 and 7. The selection cas-
sette was removed to establish the Pax6/°* allele (see Materials
and Methods). (C) Schematic representation of Le-Cre trans-
gene. A 6.5-kb Sacll/Xmnl genomic region including the up-
stream regulatory sequences and the first Pax6 promoter (PO)
cloned upstream of sequences encoding the nls-Cre followed by
internal ribosome binding sites (IRES) and green fluorescent pro-
tein (GFP). The recombination pattern was detected by enzy-
matic reaction (Lobe et al. 1999) on whole mount (D) or sections
(E,F) of Z/AP;Le-Cre embryos at E9.5 (D,E) and E15.5 (F). (Ar-
rows) Transcription start sites; (filled rectangles) exons; (open
triangle) FRT; (filled triangles) loxP. (c) Cornea; (con) conjuctiva;
(el) eyelid; (le) lens; (nls) nuclear localization signal; (nr) neuro-
retina; (ov) optic vesicle; (p) pancreas; (pA) poly A; (rpe) retinal
pigmented epithelium; (se) surface ectoderm. (B) BamHI; (N)
Notl; (R) EcoRV; (Sa) Sacll; (S) Sfi; (X) Xmnl.

tending dorsally and caudally around the developing eye
(Fig. ID,E). At E15.5, recombination was restricted to the
SE-derived eye structures including the developing lens,
cornea, conjuctiva, and skin of the eyelids (Fig. 1F).

To achieve efficient and rapid somatic deletion of
Pax6, we performed our experiments using only one
functional allele of Pax6. Le-Cre mice were mated with
mice carrying the knockout allele of Pax6 (Pax6'Z; St-
Onge et al. 1997). Offspring heterozygous for both Le-Cre
and the Pax6%? alleles were mated with mice hetero-
zygous for the floxed Pax6 allele (Pax6™°%). This breeding
generated at the expected Mendelian ratio the desired
mutant mice (Pax6'°?/Pax6"°*Le-Cre) named here Le-
mutant. The control littermates analyzed were the
Pax6'%?|Pax6/°* mice, unless otherwise indicated.

Pax6 is eliminated from the SE of the Le-mutant
concomitantly with Iens induction

Establishment of contact between the SE and OV occurs



at E9 (18-20 somites), followed by the response of the SE
to inductive signals emanating from the OV. These in-
ductive signals result in lens specification of the overly-
ing SE (E9-E9.5). Subsequently, a thickening of the SE
becomes evident at the site of the developing lens plac-
ode (25-27 somites E9.5). In our Le-mutant embryos,
Pax6 protein was detected in the SE at E9 (Fig. 2A) in
accordance with the observed recombination pattern
(Fig. 1D-F). Pax6 protein was eliminated from the Le-
mutant SE between E9 and E9.5 and was no longer de-
tectable at E9.5 (cf. Le-mutant Fig. 2C,D with control
Fig. 2B). Thus, removal of Pax6 protein from the SE was
concomitant with lens induction. In the OV, Pax6 ex-
pression was maintained at normal levels (Fig. 2C,D; Fig.
3G), demonstrating that the somatic mutation was re-
stricted to the SE.

GFP fluorescence was detected in the SE of Paxé*/
Pax6*,Le-Cre embryos at E9.5 (Fig. 2B) and was later
maintained in the developing lens and pancreas (Fig. 2E).
In the Le-mutant, GFP fluorescence was detected in the
SE at E9.5 (Fig. 2C) and then disappeared from the SE
(Fig. 2F), while expression of the transgene was main-
tained in the pancreas (Fig. 2F). The inactivation of trans-
gene expression in the Le-mutant eye could be caused by
changes in cell fate. Alternatively, the transcription ac-
tivity of the Pax6 regulatory element in the Le-Cre trans-
gene is dependent on Pax6 activity in the eye.

In the complete absence of Paxé, proper contact be-
tween SE and OV is not maintained (Grindley et al.
1995). However, when Pax6é was deleted only from the
SE, the contact between the OV and the SE was main-
tained (cf. Fig. 2C,D with 2B), indicating that mainte-
nance of the contact between the SE and OV is not de-
pendent on the continued presence of Pax6 in the SE.
This observation is in accordance with the recent results
obtained from analysis of mouse aggregation chimeras
between wild-type and Small eye mutant cells (Collin-
son et al. 2000). Taken together, these results show that
the maintenance of the contact between the OV and the
SE is exclusively dependent on Pax6 function in the OV.
The Le-mutant phenotype therefore reveals the autono-

The function of Pax6 in the lens primordium

mous function of Pax6 in the SE when the contact and
signals from the OV are not disrupted.

Lens ectoderm 1is specified in Le-mutant embryos

Previous attempts to address the functions of Pax6 in the
developing eye utilized tissue recombination experi-
ments of rSey mutant embryos (Fujiwara et al. 1994 or
analyses of mouse aggregation chimeras (Quinn et al.
1996). These results suggested that Pax6 has a cell au-
tonomous function in the SE, which is essential for es-
tablishing the competence of the ectoderm to respond to
signals from the OV (Fujiwara et al. 1994; Quinn et al.
1996). The up-regulation of the transcription factor Sox2
is one of the earliest detectable responses in the pre-
sumptive lens ectoderm to the inductive signals of the
OV (Furuta and Hogan 1998; Kamachi et al. 1998; Zygar
et al. 1998; Wawersik et al. 1999). Up-regulation of
Sox2 was not detectable in mice homozygous for the
Pax65¢- 11 gllele (Furuta and Hogan 1998; Wawersik et
al. 1999). In our Le-mutant mice, Sox2 protein was de-
tected in the SE at E10 (Fig. 3H), similar to Sox2 distri-
bution seen in control littermates (Fig. 3B). This result
demonstrated that the early expression of Pax6 in Le-
mutant eyes, before and during lens induction, was suf-
ficient for specifying the lens ectoderm. The Le-mutant
therefore provided a unique opportunity to study the role
of Pax6 in the SE after lens induction had occurred.

Pax6 in the specified ectoderm is essential for lens
placode formation

During normal development, up-regulation of Sox2 pre-
cedes the morphological appearance of a lens placode. In
Le-mutant embryos, the expression of Sox2 in the speci-
fied ectoderm was not followed by lens placode forma-
tion, as neither thickening nor invagination of the SE
was observed (Fig. 3H). We also followed the distribution
of Six3 protein and Prox1 transcript in control and Le-
mutant eyes. Expression of both genes has been reported

Pax & (green)

GFP {(green) / Pax 6 (red)

GFP

Le-mutant Pax 6 /Pax 6 ;Le-Cre

Le-mutant

Pax 6 /Pax ET;LE-CIE L e-mutant

Figure 2. Elimination of Pax6 protein from the SE is completed at E9.5. (A) Pax6 protein is detected in transverse paraffin section of
E9 Le-mutant OV and SE. At E9.5, Pax6 is not detected in the SE of the Le-mutant (C,D, arrowheads), but is present in the SE of
Pax6*|Pax6*;Le-Cre control (B). (D) Magnification of Pax6 distribution detected in (C). In the SE, GFP fluorescence is detected in
cryosections of E9.5 control (B) and Le-mutant (C) eyes. (E) From E10, GFP fluorescence is detected in the pancreas (open arrowhead)
and lens (filled arrowhead) of Pax6*/Pax6*;Le-Cre embryos. (F) In the Le-mutant E10 embryos, GFP is only detected in the pancreas
and not in the eyes. The whole embryo appears slightly green because of unspecific fluorescence observed also in completely wild-type

littermates. (ov) optic vesicle; (se) surface ectoderm.
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Figure 3. The lens ectoderm is specified, but lens placode does not form in the Le-mutant eyes. Molecular analysis of the phenotype
of E10 (A-D, G-]) and El11 (E,F,K,L) embryos by indirect immunofluorescence. Transverse paraffin sections, double labeled with
specific antibodies to Pax6 (A,G) and Sox2 (B,H). Pax6 (G) is not detected above background levels in the SE of the Le-mutant embryos,
while Sox2 is detected in the SE (H, arrow) similar to the up-regulation of Sox2 observed in control eyes (B). Adjacent section
immunolabeled with antibodies to Six3 (C,I) show that Six3 is not detected above background level in the Le-mutant (I) ectoderm but
is expressed in the lens placode of control littermate (C). (D,]) In situ hybridization with 3°S labeled Prox1 RNA probe demonstrate that
Prox1, which is normally expressed in the lens placode (D), is not detected above background levels in the Le-mutant SE (]). Double
immunolabeling with specific antibodies to Pax6 (E,K) and aA-crystallin on E11 control (F) and mutant eyes (L). In the Le-mutant eye,
two regions of the OV seem to invaginate, and Pax6 is enhanced at these regions (K, arrowheads). Arrows in H-J, point to the lens
ectoderm. Arrowheads in B and H mark regions of presumptive RPE in which Sox2 is not detected above background level. (Ip) Lens
placode; (lv) lens vesicle; (nr) neuroretina; (oc) optic cup; (os) optic stalk; (rpe) retinal pigmented epithelium. Scale bar 50 ym in A-D,
G-J and 100pm in E,F,K,L.

to be initiated around the time of placode formation (Ol- littermates. At E10, Pax6 was detected throughout the
iver et al. 1993, 1995). Although the expression of both distal part of the OV in both control (Fig. 3A) and Le-
genes was detected in the lens placode of the control mutant eyes (Fig. 3G). Sox2 and Six3 were detected in
littermates (Fig. 3C,D), neither Six3 protein nor Prox1 most of the OV, excluding a small dorsal region that
transcripts were detected in the SE of Le-mutant em- corresponds to the future RPE domain (Le-mutant in Fig.
bryos (Fig. 3L]). In accordance with the apparent arrest in 3H,I and control in Fig. 3B,C).
lens development, aA-crystalline, which is expressed in During normal development, two populations of pro-
the lens pit stage (Oguni et al. 1994, Fig. 3F) was not genitors (RPE and NR) separate from the bipotential cells
detected in the Le-mutant eye (Fig. 3L). of the OV. The RPE progenitors express tyrosinase-re-
We conclude that from E9.5 onward, the progression in lated protein-2 (Trp2; Steel et al. 1992), while in the ear-
lens formation including proliferation and differentia- liest retinal neuroepithelial cells, Chx10 is expressed
tion of the specified ectoderm is strictly dependent on (Liu et al. 1994). We followed the distribution of these
Pax6 activity in the SE (see Discussion). markers in E10.5 and E13.5 in Le-mutant and control

eyes. At E10.5, the optic cup had already formed in the

control eyes (Fig. 4A). Chx10 expression was detected in
The delay in cup formation does not disrupt the initial the NR layer (Fig. 4C), while Trp2 transcripts were de-
patterning of the retinal progenitors in the OV tected in the outer RPE layer (Fig. 4B). In Le-mutant eyes,
the optic cup did not form (Fig. 4D); however, the two
separate populations of cells were detected. Chx10 was
identified in the distal part of the OV (Fig. 4F), which
corresponds to the NR layer. Trp2 was expressed in the
proximal lateral domains (Fig. 4E), corresponding to the
RPE domain in normal eyes. Thus, the formation and the
separation of RPE and NR progenitors in the Le-mutant
OV were properly initiated.

The prevention of lens formation in Le-mutant allowed
us for the first time to address directly in vivo the pat-
terning and differentiation of the completely normal
retina in the absence of all lens structures.

The first morphological difference between the Le-mu-
tant and the control OV was evident at E10-E10.5, as no
invagination of the distal wall of the OV was apparent
(Fig. 3G), while in the control littermates, optic cup for-
mation was initiated (Fig. 3A). Despite this morphologi-
cal difference, the distribution of Pax6, Sox2, and Six3
proteins within the Le-mutant OV was similar to the
distribution of these proteins in the OV of the control After a delay of ~1 d (E11), as compared to control (E10),

The several separated NR-folds in the Le-mutant eye
develop to fully differentiated neuroretinas
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Figure 4. The initial delineation of prospective NR and RPE
dissolve to several NR and RPE domains. In situ hybridization
with 3°S-labeled TRP2 or Chx10 RNA probes on adjacent sec-
tions through the eye regions of E10.5 and E13.5 eyes. Bright
field images (BF) shown in A, D, and G. In the eye of E10.5
control littermate (A-C), Trp2 is localized in the prospective
RPE located in the outer layer of the cup (B), while Chx10 is
expressed in the NR layer (C). Cup formation is delayed in the
Le-mutant eyes (D). Trp2, however, is expressed in the proximal
(E, between arrows) region, while Chx10 transcripts demarcate
the prospective NR located distally (F, between arrows). At
E13.5, invagination of the NR forms two folds in the Le-mutant
eye (G). Trp2 is expressed not only in the proximal part of the
Le-mutant eyecup but also in patches of cells located between
the two retina folds (arrow in H). Chx10 is distributed in the two
folds and is down-regulated in the region between them (arrow
in I).

the thickening and invagination of two or three NR do-
mains in the OV were morphologically apparent in the
Le-mutant (Fig. 3K). Interestingly, some of the NR do-
mains developed in regions that opposed the mesen-
chyme (Figs. 3K, 5E), and RPE was differentiated from
distal regions of the OV (Fig. 4G). Pax6 expression was
enhanced in these invaginating domains (Fig. 3K) and
subsequently in the NR developing from them (Fig. 5I).
At later stages of development, the morphology of the
Le-mutant retina (Fig. 5D-F) suggested that each fold
developed separately to form a retina domain. The sepa-
ration between these folds was evident from histological
analysis of the Le-mutant eyes performed both on sagit-
tal and cross sections (Fig. 5D,E) and observed in serial
sections (data not shown). Moreover, patches of RPE
cells differentiated between the retina folds as these cells
expressed Trp2 (Fig. 4H). Further differentiation of the
RPE was evident in Le-mutant eyes as cells gave rise to
the characteristic cuboidal epithelium that accumulated
pigment (Fig. 5D}, and Pax6 was down-regulated in these
cells (Fig. 51).

The function of Pax6 in the lens primordium

The autonomous development of each retina fold was
further demonstrated by the apparent normal distribu-
tion of Pax6 and class III B-tubulin (TUJI) within each of
the NR folds. Pax6 expression was higher at the borders
of the folds (Fig. 5I), which is similar to the enhanced
expression of Pax6 at the presumptive iris in wild-type
eyes (Fig. 5G). Furthermore, TUJI staining at the E14.5
Le-mutant retina displayed the characteristic pattern of
neuronal cell differentiation seen in normal develop-
ment (Snow and Robson 1995; McCabe et al. 1999).
Thus, in each of the Le-mutant NR-units (Fig. 5]) and in
the NR of the control littermates (Fig. 5H), the neuronal
cell differentiation started from the center and pro-
gressed towards the periphery.

In the neonatal and adult Le-mutant retina, expression
of specific neuronal cell markers was similar to the ex-
pression of these markers in the retina of control mice.
These included Brn3b (ganglion cells; Fig. 6C,G), protein
kinase C (bipolar cells; Fig. 6D,H), neurofilament 165kD
(horizontal cells; Fig. 6],N), and syntaxin (amacrine cells;
Fig. 6K,0). The neuroretinal cells formed three layers
that could be distinguished in the retina of adult Le-
mutant mice (Fig. 6L). The lamination, however, was
incomplete, as outer and inner plexiform layers did not
separate in all regions. The extensive folding of the neu-
roretinas in the Le-mutant eye led to a loss of contact
between the RPE and the NR at regions of contact be-
tween the NR folds (Fig. 5D,E,I). In the absence of RPE,
a disruption of the laminar architecture has been re-
ported (Raymond and Jackson 1995). A similar effect
may possibly explain the lamination defects detected in
the Le-mutant NR.

Taken together, these results demonstrate that in the
absence of the early lens structures, several separated
NR folds will form. These NR folds have an intrinsic
capacity to form a multilayered structure in the absence
of a developing lens. We may, therefore, deduce that the
developing lens is not required for the differentiation of
the NR but to define the position and restrict the num-
ber of retinas formed in the vertebrate eye.

Discussion

The current model for lens induction in vertebrates sug-
gests that the prospective lens ectoderm is determined in
a series of sequential steps (Grainger 1992; Saha et al.
1992). Initially, during the late gastrula stage of the am-
phibian embryo, the competence of the ectoderm to re-
spond to the induction signals is acquired. Subsequently,
planar signals from the anterior neural plate induce the
lens-forming bias in the head ectoderm. Finally, the con-
tact with the underlying OV triggers the specification of
the lens ectoderm leading to changes in gene expression
during the preplacode stage (Wawersik et al. 1999). These
changes are followed by the formation of the lens plac-
ode.

In vertebrates, Otx2 (Zygar et al. 1998), BMP4 (Furuta
and Hogan 1998), and Pax6 have been implicated to play
parallel roles in maintaining the competence of the SE to
respond to the signals from the OV. Several lines of evi-
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Figure 5. Several neuroretinas form in
the absence of all lens structures in the

Le-mutant mice. Hematoxilin-eosin (HE)

staining (A-F) of transverse (B,C,E,F) or
sagittal sections (A,D) through the eye re-
gion of the Le-mutant (D-F) and control
littermates; Pax'°%/Pax6'%°Z (A,C) or Pax6*/
Pax6* (B). Cell layers including nerve fiber
layer (nfl), inner nuclear layer (inl), and
outer nuclear layer (onl) are distinguished
in the Le-mutant (F) and in the control eye
(C) at E18.5. The black arrows point out
the RPE (B-F). Note that the axons exit
each retina fold not from the optic disc
but, rather, from an opening between the
folds, which in a normal eye would have

control

Le-mutant |

been occupied by the lens (white arrow-

heads in E,F). Furthermore, an optic nerve
is observed in Le-mutant eyes (F). Coim-

munolabeling with antibodies to Pax6
(G,I) and to BII tubulin (H,]) show that
each retina fold develops autonomously in
the Le-mutant eye. Enhanced Pax6 expres-
sion is marked with arrowheads, RPE with
two arrowheads. (le) Lens; (onh) optic
nerve head; (*) unspecific fluorescence
from blood cells. L

E14.5

dence pointed to the importance of Pax6 in this process:
First, early expression of Pax6 in the ectoderm coincides
with the lens-competence stage (Walther et al. 1991;
Grindley et al. 1995; Zygar et al. 1998). Second, tissue
recombination experiment has demonstrated that
Pax6~/~ ectoderm rather than Pax6~/~ OV is responsible
for the lens defects in Pax6~/~ mice (Fujiwara et al. 1994).
Third, Pax6 chimera analysis has shown that Pax6 is
required before formation of the lens placode (Collinson
et al. 2000). Furthermore, markers indicative of lens
specification such as Sox2 and Frissled-related protein
(sFRP2) are not expressed in the SE of Pax6~/~ embryos
(Furuta and Hogan 1998; Wawersik et al. 1999). This ap-
parent requirement for Pax6 for the initial response of
the ectoderm hampered earlier studies aimed at under-
standing the role and identifying the downstream targets
of Pax6 after lens specification. In the Le-mutant, how-
ever, Pax6 expression occurs early and is switched off,
specifically in the SE, before placode formation. The
analyses of Le-mutant revealed that Pax6 is required for
the transition from lens specification to lens placode.
Up-regulation of Sox2 is one of the first responses of
the specified ectoderm to the inductive signals; Sox2 ex-
pression precedes lens placode formation, and its expres-
sion is dependent on signals from the OV (Furuta and
Hogan 1998; Kamachi et al. 1998; Zygar et al. 1998).
Furthermore, Sox2 is not up-regulated in the SE of Pax6,
BMP4, or BMP7 mutant embryos, in which lens induc-
tion is impaired (Furuta and Hogan 1998; Wawersik et al.
1999). In the Le-mutant embryos, the early, normal ex-
pression of Pax6 in the eye was sufficient for the up-
regulation of Sox2. These results demonstrate that up-
regulation of Sox2 is dependent on Pax6, while continu-
ous Pax6 activity in the SE is not required for the
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maintenance of Sox2 expression. By employing Le-mu-
tant, we can not define whether Pax6 in the responding
SE or Pax6 in the inducing OV mediates the initial up-
regulation of Sox2. The Le-mutant nevertheless allowed
us, for the first time, to address directly the autonomous
function of Pax6 in the SE following lens specification
during the formation of the lens placode.

The preplacode stage precedes the appearance of the
lens placode. During this stage, feedback signals are re-
quired to maintain the expression of Pax6 and other
genes in the ectoderm (Grindley et al. 1995; Wawersik et
al. 1999). BMP7 has been implicated in playing a role in
this step (Wawersik et al. 1999). The expression of Six3
(homolog of the Drosophila sine-oculis gene; Oliver et al.
1995) and Prox1 (homolog of the Drosophila prospero
gene; Oliver et al. 1993) have been reported to coincide
with the lens placode stage. In this article, we demon-
strate that Pax6 is essential in the preplacode for lens
placode formation (Fig. 7). This conclusion is based on
the following observations: In the Le-mutant, the lens
placode did not form. Furthermore, the transcriptional
activity of the Le-Cre transgene was not maintained. Fi-
nally, the expression of Six3 and Prox1 in the specified
ectoderm is absent and, thus, dependent on Paxé.

The dependence of several regulatory genes on Pax6
function after lens formation probably accounts for the
complete arrest in lens development observed in Le-mu-
tant. The role of Six3 is currently unknown; however,
members of the vertebrate Six genes, HSIX1 and XOptx2,
have been shown to affect cell proliferation (Ford et al.
1998; Zuber et al. 1999). It is possible that loss of Six3 in
the SE causes a failure in the onset of proliferation,
which is required for lens placode formation. Prox1 has
been recently shown to play an important role in lens
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Figure 6. Retinal lamination and the major classes of retinal neurons are present in the Le-mutant retina. The Le-mutant neuroretina
displays restricted Pax6 distribution (B) and lamination into nbl and gcl (A) similar to the single retina of the control eye (E,F).
Immunohistochemistry and histology on newborn (PO, A-H) and mature (P20, [-P) eyes in adjacent sections of retina. Note the
presence of retinal ganglion cells (Brn3b, C,G), bipolar cells (protein kinase C, D,H), horizontal cells (neurofilament 165 kD, ,N),
amacrine cells (syntaxin, K,O), photoreceptor cells (TUJI cell bodies and processes in the onl, I,M), and photoreceptor outer segments
(HE staining, L,P) in the Le-mutant (A-D,I-L) and the control (E-H,M-P) retina. All laminae, onl, inl, gcl, are present in the mature
Le-mutant retina, as revealed by HE (L,P) and DAPI+TUJ1 (I,M) staining. However, onl and inl are not separated by a pronounced opl
(arrowheads in I,]). The absence of a continuous opl in the Le-mutant retina possibly accounts for the dispersed appearance of
horizontal cell processes between inl and onl (]). (gcl) ganglion cell layer; (HE) hematoxilin-eosin; (inl) inner nuclear layer; (ipl) inner
plexiform layer; (nbl) neuroblast layer; (onl) outer nuclear layer; (opl) outer plexiform layer; (0s) outer segments of photoreceptors; (rpe)

retinal pigment epithelium.

fiber elongation (Wigle et al. 1999), while Pax6 was in-
ferred to play a direct role in regulation of crystalline
expression (Cvekl and Piatigorsky 1996). Thus, probably
both Proxl and Pax6 are essential during later stages of
lens development (Fig. 7).

Vertebrate gene families, homologous to the Dro-
sophila eye-determination genes, have been identified
recently, and the regulatory interactions between them
seem to be conserved and redeployed during vertebrate
somite development (Heanue et al. 1999; Relaix and
Buckingham 1999). The complete dependence of Six3 ex-
pression on Pax6 activity in the specified ectoderm of
the Le-mutant is similar to the reported dependence of
so on eye expression described in Drosophila (Halder et
al. 1998). This result implies that the regulatory hierar-
chy between Pax6 and Six3 in the SE during the preplac-
ode stage is conserved in evolution. In the OV, however,
these genes seem to function in parallel pathways as the

expression of the vertebrate so homologs Six3 and Six6/
optx2 is maintained in the Pax6~/~ mice (Jean et al. 1999;
Xu et al. 1999).

Existence of a positive feedback loop for maintaining
Pax6 expression during the preplacode stage has been
proposed based on the BMP7~/~ phenotype (Wawersik et
al. 1999). Furthermore, loss of ectodermal Paxé expres-
sion during lens placode formation was observed (Grind-
ley et al. 1995). In line with these results, we observed
that the Le-Cre transgene was not transcriptionally ac-
tive in the Le-mutant SE after E9.5. This indicates that
the transcription activity of the Paxé regulatory regions
in the transgene depends on Pax6, and thus, confirms the
requirement for an autoregulatory feedback loop. In Dro-
sophila, so participates in a positive feedback loop to
maintain eye expression in the eye disc. Therefore, it is
possible that Six3 in the preplacode is part of a regulatory
loop mediating the maintenance of Pax6 expression (Fig.
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Figure 7. A scheme summarizing the possible roles
of Pax6 in the SE leading to lens placode formation
(A). Three steps precede the formation of the lens

placode: lens competence, lens specification, and B

the preplacode (maintenance) stage. The compe-

tence of the ectoderm to respond to the inductive Pax6 /

signals from the OV is mediated by Pax6. During [ patterning
lens induction, the upregulation of Sox2 is depen- >

dent on Pax6 activity. Inactivation of Pax6 in Le- lens competence { Optic vesicle
mutant occurred concomitantly with lens induc- |\ X

tion and after the up-regulation of Sox2 (the approxi- lens specification Pax6. Sox2 \ induction
mate time of inactivation is marked with double ’ .

arrow). The expression of lens specific genes, Six3 f

and Prox1, in the preplacode stage is dependent on preplacode 1 |

Pax6 activity. Feedback signals possibly mediated {4/

by six3 are required to maintain Pax6 expression in lens placode Six3, Prox1 ({

the SE (dashed arrow). The regulatory genes promote 1\ 2

lens placode formation and subsequent lens differ- I 1/

entiation. (B) Schematic presentation of the influ- * patterning
ence of the early lens structures (gray) on the pat- and .
terning and morphology of the OV (black) in mice. morphogenesis
The initial patterning of the OV to NR (lines) and lens differentiation

RPE progenitors is not dependent on Pax6 activity
in the specified ectoderm or on lens placode forma-
tion. However, the interaction with the early lens
structures is required to define the position of the
optic cup and for maintaining the identity of the
presumptive NR and RPE domains. Subsequent dif-
ferentiation of the retina is not dependent on lens
structures.

7). Indeed, up-regulation of Pax6 on misexpression of
Six3 was demonstrated in transgenic mice, and Six3
binding sites have been identified on the Pax6 regulatory
sequences employed in the Le-Cre transgene (G. Gou-
dreau and P. Gruss, unpubl.).

The influence of the lens, after the lens vesicle stage,
on the development of the retina was studied by me-
chanical ablation of the lens (Coulombre and Coulombre
1964) and targeted expression of toxins (Kaur et al. 1989;
Harrington et al. 1991). In these studies, convolutions of
the retina were observed. These folds were attributed to
change in ocular pressure, and it was concluded that fol-
lowing the formation of the optic cup and the lens
vesicle, retinal development is mostly independent from
the lens. The roles of the early signals emanating from
the lens primordium to the OV were addressed by early
experiments of classical embryologists (Lopashov and
Stroeva 1964) and in recent work in chicks (Hyer et al.
1998). Two main functions were attributed to the early
signals: delineation of the prospective NR and the RPE
domains from the bipotential population of the OV pre-
cursors, and mediation of the parallel invaginations of
the two tissues to form the lens vesicle and the optic cup
(Stroeva 1960; Barnstable 1987).

There are only few mouse mutants, including Pax6
(Grindley et al. 1995), BMP7 (Wawersik et al. 1999), and
BMP4 (Furuta and Hogan 1998), in which the absence of
the lens placode has been reported. In these mutants, as
well as in the Pax6 chimera studies (Quinn et al. 1996;
Collinson et al. 2000), the influence of the SE on the
development of the OV could not be directly addressed,
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mainly because of direct requirement for these genes in
both the inducting OV as well as in the responding SE.
The absence of a lens placode in our conditional Le-mu-
tant mice exposed the in vivo role of the earliest lens
structures in retina patterning, morphology, and differ-
entiation.

The delay in invagination of the OV in the E10 Le-
mutant eye was the first obvious morphological pheno-
type of the retina. This phenotype reveals the essential
role of the lens placode for optic cup formation. Despite
this morphological change, the initial distribution of
Trp2 and Chx10 transcripts in the OV suggests that the
separation of the bipotential population of cells in the
OV to the prospective RPE and NR domains occurred in
the Le-mutant. This result supports the view that the
progenitor domains in the OV are established indepen-
dent from the lens placode and possibly before the plac-
ode is formed (Hyer et al. 1998; Fig. 7).

At subsequent stages of development (E11), several in-
vaginations were observed in the Le-mutant OV. These
retina folds seem to form separate retina subcompart-
ments based on the histology of the Le-mutant eyes, the
distribution of Pax6 and TU]JI staining in each retina
fold, and the expression of Trp2 between the folds. More-
over, some of the NR domains evolved in proximal re-
gions that opposed the mesenchyme, while RPE differ-
entiated from distal parts of the OV (Figs. 4,5). This sug-
gests that a change in progenitor cell fate has occurred in
these regions.

There are several possible explanations for the forma-
tion of the retina subcompartments in Le-mutant eyes:



The signals from the lens might influence the pattern of
cell proliferation or the timing of retina cell differentia-
tion. Both alternations would result in a change in the
distribution and/or an increase of overall cell number in
the retina, leading to irregular folding of the retina
within the limited space of the eye. Changes in ocular
pressure might also contribute to the extensive folding of
the retina, as suggested by the early works on lens abla-
tion (Coulombre and Coulombre 1964). Such folds might
result in subcompartments that give rise to multiple
retinas. Change in retinal cell fate has been reported to
occur in vertebrates before cup formation, either because
of changes in ocular pressure (Stroeva 1960) or as result
of disturbance of contact between the NR and RPE (Orts-
Llorca and Genis-Galvez 1960). The delay in optic cup
formation in Le-mutant eye might, therefore, result in
subsequent changes in progenitor cell fate leading to ap-
parent patches of NR and RPE domains.

Following the invagination, each retina fold seems to
develop autonomously. In each fold, a central to periph-
eral pattern of neuronal cell differentiation was ob-
served, similar to the pattern of neuronal cell differen-
tiation in normal retina (Smow and Robson 1994). In
postnatal Le-mutant eyes, the different retinal neuronal
cell types were detected and the neuroretina was lami-
nated. Hence, the capacity to form a multilayered retina
is autonomous to each fold and is independent of any
lens structures.

Our results demonstrate that signals from the early
lens structures play a role in maintaining the fate of
retina progenitors present in the OV. The signals from
the early lens structures that influence the morphology
of the underlying retina could be mechanical (such as
pressure from the growing lens) and molecular. Various
growth factors, signaling molecules and their corre-
sponding receptors, were shown to be expressed during
early eye development (McAvoy and Chamberlain 1990;
Bao and Cepko 1997; Dudley and Robertson 1997; Jasoni
et al. 1999; Wawersik et al. 1999; Enwright and Grainger
2000). The Le-mutant provides a unique mutant model
to resolve and to identify, in future studies, the molecu-
lar mechanism underlying the influence of the lens plac-
ode on the developing retina.

The summary of our results presented schematically
in Figure 7 shows that the spatially and temporally de-
fined somatic mutation allowed us both to address the
autonomous functions of Pax6 in the SE and to define
the instructive role of Pax6 mutant cells on the develop-
ment of adjacent wild-type retina. Studies employing
this approach, therefore, allow the addressing of ques-
tions previously not available to in vivo investigations.

Materials and methods

Mouse lines

Pax6/°*|Pax6* mice were generated by homologous recombina-
tion in R1 embryonic stem cells according to standard proce-
dures. Positive clones were used to produce chimeric animals by
morula aggregation. Chimeras were mated to NMRI mice for

The function of Pax6 in the lens primordium

germ-line transmission. Deletion of the selection cassette was
achieved by crossing with the HACTB::Flp mice (Dymecki
1996), resulting in the complete reversion of the phenotype in
Pax6°%/Pax6* mice. The Pax°%/Pax6* mice have been main-
tained on an outbred genetic background (NMRI). Le-Cre trans-
genic lines were generated by microinjections (Hogan et al.
1994) and maintained in an FVB inbred background. Analysis of
Cre-mediated recombination pattern in Le-Cre line was per-
formed by mating to the Z/AP reporter line as described (Lobe et
al. 1999). The Le-Cre mice were crossed with Pax6?/Pax6*
mice (St-Onge et al. 1997) to obtain F1 Pax6'°?/Pax6*;Le-Cre
mice (FVB), which were further crossed with Pax6°*/Pax6*
mice. The genotypes were determined by PCR analysis on DNA
extracted from the tail or yolk sac. Noon of the day of vaginal
plug observation was considered E0.5 of embryogenesis.
Somites were counted for verification of the embryonic age.

Immunohistochemistry

Immunohistochemistry was performed on cryosections or de-
waxed sections. The sections were blocked for 2 h in PBSTG
(0.2% Tween 20, 0.2% gelatin in PBS), incubated overnight with
primary antibodies, washed with PBSTG, incubated 2 h at room
temperature with the secondary antibodies, washed with
PBSTG, and mounted in moviol. Unspecific fluorescence from
adjacent nonexpressing tissue on the same slide served to define
the background levels. Primary antibodies were aA-crystallin
(kindly provided by Dr. K. Kato, Institute for Developmental
Research, Aichi Human Service Center, Kasugai, Japan), Brn3B
(Santa Cruz Biotechnology), hAP (Sigma), Pax6 polyclonal
(BAbCO), Synatxin (Sigma), PKC (Sigma), Six3 polyclonal anti-
bodies (kindly provided by Dr. G. Oliver, St. Jude Children’s
Research Hospital, Memphis, Tennessee), Sox2 polyclonal an-
tibodies (kindly provided by Dr. R. Lovell-Badge, National In-
stitute for Medical Research, London, England), and TUJI
(BAbCO). Monoclonal antibody to Pax6 was developed by A.
Kawakami, monoclonal antibody to the NF165kDa by T. M.
Jessell and J. Dodd; both antibodies were obtained from devel-
opmental studies hybridoma bank maintained by the Depart-
ment of Biological Sciences, Towa City, IA. Secondary antibod-
ies were Alexa 488 or 594-conjugated goat antimouse or Goat
antirabbit IgG (MoBiTec).

In situ hybridization

To detect Trp2 (Steel et al. 1992), Chx10 (Liu et al. 1994), Prox1
(Oliver et al. 1993), Six3 (Oliver et al. 1995), and mRNA single-
stranded antisense RNA%*S-UTP probes were produced by in
vitro transcription of gene-specific fragments. The procedure of
hybridization was as described (Stoykova and Gruss 1994).

Microscopy

Fluorescent images were taken with a confocal laser-scanning
system consisting of a SLM 410 Zeiss confocal microscope with
a 20x or 40x oil objective.
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