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ABSTRACT Early studies on lens induction suggested that the optic vesicle, the precursor of the
retina, was the primary inducer of the lens; however, more recent experiments with amphibians
establish an important role for earlier inductive interactions between anterior neural plate and
adjacent presumptive lens ectoderm in lens formation. We report here experiments assessing key
inductive interactions in chicken embryos to see if features of amphibian systems are conserved
in birds. We first examined the issue of specification of head ectoderm for alens fate. Alargeregion
of head ectoderm, in addition to the presumptive lens ectoderm, is specified for a lens fate before
the time of neural tube closure, well before the optic vesicle first contacts the presumptive lens
ectoderm. This positive lens response was observed in cultures grown in a wide range of culture
media. We also tested whether the optic vesicle can induce lenses in recombinant cultures with
ectoderm and find that, at least with the ectodermal tissues we examined, it generally cannot
induce a lens response. Finally, we addressed how lens potential is suppressed in non-lens head
ectoderm and show an inhibitory role for head mesenchyme. This mesenchyme is infiltrated by
neural crest cells in most regions of the head. Taken together, these results suggest that, as in
amphibians, the optic vesicle cannot be solely responsible for lens induction in chicken embryos;
other tissue interactions must send early signals required for lens specification, while inhibitory

interactions from mesenchyme suppress lens-forming ability outside of the lens area.
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Introduction

For nearly a century, induction of a lens has served as a model
of the tissue interactions that occur during vertebrate development
(Spemann, 1938; reviewed by Saha er a/, 1989). While early
experiments focused on the role of the optic vesicle (presumptive
retina) in inducing a lens in overlying ectoderm, more recent
experiments with amphibian embryos have questioned the role of
the optic vesicle as the sole early inducing tissue (Henry and
Grainger, 1987; Grainger et a/., 1988; Henry and Grainger, 1990).
In experiments testing the efficacy of the optic vesicle as an
inducer, where donor and host tissues could be distinguished, the
lensesthatformed were notinduced from hosttissue, but originated
from donor tissue (Grainger ef a/., 1988). Also, “free” lenses can
form in the absence of other eye structures when the presumptive
optic vesicle is surgically removed (reviewed by Saha et a/., 1989).
Based on these experiments, the classic, one-step model of lens
induction by the optic vesicle has been revised. The major

components of the newer model of lens induction are that the optic
vesicle is not a sufficient lens inducer, but that an earlier lateral
interaction between anterior neural plate and competent head
ectoderm established a lens-forming bias in the latter tissue
(reviewed by Grainger, 1992; 1996; Hirsch and Grainger, 2000).
Aninhibitory interaction between head mesenchyme and the head
ectoderm is proposed to restrict the lens bias to the presumptive
lens ectoderm. Experiments by von Woellwarth (1961) suggested
that migrating neural crest cells could be responsible for this
inhibition. He studied free lens formation in 777turus ajpestris and
observed a much higher proportion of embryos with lenses if neural
crest precursors were removed along with the primordial of the
optic vesicles. However, when neural crest cells were present, free
lens formation was greatly reduced. The optic vesicle may still play
a role in the last stages of lens determination (H. Jin and R.
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Fig. 1. Light micrographs of a stage 10 chicken embryo. Dotted lines (A) indicate where cuts
were made to isolate different regions of the embryo to study lens-forming potential in the surface
ectoderm. Solid lines indicate the positions of transverse sections through the (B) optic vesicles,
(C) midbrain, and (D) trunk region shown to the right (dorsal surface is up). The heart (h) and somites
(s) are well formed by this stage. Black arrowheads show the boundaries of presumptive lens
ectoderm collected from over the optic vesicles (ov) in (B), ventral ectoderm collected at the level
of the midbrain and hindbrain in (C),; and trunk ectoderm from over the neural tube (nt), notochord
(n), and somites (s) in (D). Numbered white arrowheads indicate the boundaries of lateral head
ectoderm and ventral medial ectoderm used for experiments in Fig. 7. Lateral head ectoderm
extends from while arrowheads 1-2 on each side, ventral-medial ectoderm extends between white
arrowheads 2-2. Scale bar, 0.5 mm in A, scale bar, 100 um in D for B, C, and D.

Grainger, unpublished) and also has an important role in lens
differentiation (Coulombre and Coulombre, 1963).

Lens formation in other vertebrate species has not been studied
in the same detail as in amphibians and has not been thoroughly
reinvestigated since unambiguous molecular markers for the lens
phenotype have become available. Several older experiments
argued that lens induction by the optic vesicle begins at the 10-
somite stage in chicken embryos (stage 10 according to Hamburger
and Hamilton, 1951; see Fig. 1) when the optic vesicle and
presumptive lens ectoderm strongly adhere (McKeehan, 1951).
When an optic vesicle or vesicle anlage was transplanted to a site
on the head or body of a host embryo, morphological changes
consistent with lens differentiation occurred in the area of the
transplant (Alexander, 1937; McKeehan, 1951). Optic vesicles
from a variety of stages were associated with ectopic lenses in host
embryos. Second, when optic vesicles and trunk ectoderm were
combined and grown /7 vitro for several days, lens-like structures
were seen that stained with an anti-lens antibody, assayed by
immunofluorescence, in over 60% of the cultures (Karkinen-
Jaéaskelainen, 1978). Together, these studies are consistent with

the classic view that the optic vesicle is potent
lens inducer in chicken embryos.

However, other studies suggest a primary
role for earlier tissue interactions in the case of
chick lens formation. Barabanov and Fedtsova
(1982) showed that head ectoderm far away
from influence of the optic vesicle will form a
lenswhenisolated as early asthe head process
stage (stage 5) and grown in culture. They
concluded that lens induction was a multi-step
processthat prepared the ectoderm for possible
later inductive signals from the optic vesicle.
Jorquera et al., (1989) present data suggesting
thattissues other than the optic vesicle, namely
cardiac mesoderm, are important in lens
formation. Their studies agree with earlier work
inamphibian embryos that demonstrated arole
in lens induction for tissues that transiently
contacts the presumptive lens ectoderm during
gastrulation (Jacobson, 1966).

More recent molecular studies of lens
formation are consistent with a model of lens
induction that begins early in development in
the chick. For example, the Paxé6 gene is
essential for eye and lens formation and plays
aroleinearly lens development (Ashery-Padan
and Gruss, 2001; Lang, thisissue). Pax6, which
is an early response to lens induction (Zygar ef
al, 1998), is first detected in chicken embryos
at stage 5 in head ectoderm (Li efa/, 1994). In
rats (Fujiwara et a/, 1994) and mice (Enwright
and Grainger, unpublished), this gene is
necessary forthe ectodermto be fully responsive
inductive signals. If Paxé6has the same role in
chicken embryos, then this is further evidence
that lens induction begins much earlier than
stage 10. Because there is apparently
contradictory evidence regarding the
mechanism of lens induction and the
contribution of the optic vesicle in chicken embryos, and in order to
test the universality of the amphibian model, we have re-examined
this process.

Two other issues emerge that are relevant to the to the work
presented here on chick lens induction. First, in order to study
tissue interactions, it is necessary to have a specific assay for
differentiation (Saha efa/, 1989). Indeed, one possible explanation
for the inconsistencies in previous studies of chick lens induction
is the variety of assays for lens formation used by different
investigators. Many of the older studies used cell elongation
characteristic of lens fiber cells alone as an assay for a positive lens
response (Alexander, 1937; McKeehan, 1951), yettissue thickening
is a common response to the surgical procedures used (see Saha
er al., 1989). Later studies employed immunofluorescence using
antibodies to the lens (Karkinen-Jaaskelainen, 1978) or to the
major lens protein, delta-crystallin (Barabanov and Fedtsova,
1982). A potential complication with using delta-crystallin (and
many other crystallins) as a marker of lens differentiation is that the
messenger RNA for this protein has been detected in a variety of
non-lens tissues in chicken embryos (Agata era/, 1983; Jeanny et



al,1985; Sullivan etal/, 1991b). We find, however, thatacombination
of morphological changes associated with lens differentiation and
the synthesis the delta-crystallin protein, confirmed by immunoblot
analysis (Sullivan et a/, 1998), provide a definitive assay for lens
formation. Therefore, we have used immunoblot analysis
complemented by histological assays to monitor lens cell
differentiation in our studies designed to re-examine the role of the
optic vesicle.

A second complication concerns the requirement that long-term
cultures of chicken cells and tissues be grown in complex media
that may contain growth factors and other components that could
themselves affect inductive responses (Bronner-Fraser, 1996).
Typically a balanced salt solution is supplemented with both serum
and embryo extract to better mimic the conditions /7 vivo. A further
complication is that different recipes for preparing culture media
have been used in different investigations. In the present study we
took two approaches when preparing media. In some cases we
sought to repeat culture experiments as closely as possible,
especially when re-examining the role of the optic vesicle as the
lensinducing tissue (Karkinen-Jéaaskeldinen, 1978). In other cases
we studied the lens response in a range of media conditions to get
asense of the potential effects of different components on induction.

In the current study we found that a large region of head
ectoderm is specified for lens formation by stage 8, even though
close contact between the optic vesicle and presumptive lens
ectoderm does not occur until stage 10. In addition, specification of
both presumptive lens ectoderm and head ectoderm is retained in
a variety of culture media. These results led to a reinvestigation of
the ability of stage 10 optic vesicles to induce lenses in trunk
ectoderm. We found that optic vesicles induced lens formation in
trunk ectoderm in fewer than 4% of the cultures at a variety of
stages tested. We also observed that the optic vesicle cannot
induce alens response in stage 4 epiblast tissue. Finally, we found
arole for head mesenchyme cells in suppressing the lens-forming
bias in non-lens head ectoderm and observed that neural crest
cells (positive for the marker HNK-1) are migrating into this
mesenchyme during the period when the lens potential is being
suppressed.

Results

Spatial and temporal specification of lens fate

As a starting point for evaluating the role of the optic vesicle, and
possibly other tissues, inlens in induction in the chick we assessed
the degree to which ectoderm in different regions of the embryo is
specified for lens formation. Previously, Barabanov and Fedtsova
(1982) reported that lens-forming ability existed in head ectoderm
some distance from the optic vesicle and before the time of optic
vesicle contact with lens ectoderm. Several ectodermal tissues
were isolated from stage 10 embryos (Fig. 1) and cultured under
the rich culture conditions used earlier by Karkinen-Jaaskelainen
(1978) studying the role of the optic vesicle as a lens inducer. After
five days of culture in media containing 20% embryo extract and
15% serum (medium A), tissues were examined for delta-crystallin
synthesis onimmunoblots (Fig. 2). Both presumptive lens ectoderm
from over the optic vesicles and head ectoderm from the ventral
surface of the midbrain and hindbrain were already specified for
lens formation by stage 10. Over 92% of cultures of presumptive
lens ectoderm and 97% of cultures of ventral head ectoderm were
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Fig. 2. Inmunoblot analysis of delta-crystallin expression in different
tissues. Explants of presumptive lens ectoderm, ventral head ectoderm,
and trunk ectoderm were isolated and grown in culture for five days, then
processed for electrophoresis. The antibody recognizes a 48 kDa protein in
a positive control from 13-day embryonic chick lenses and in presumptive
lens ectoderm and ventral head ectoderm. No staining was observedin trunk
ectoderm or optic vesicle (negative control).

positive (Fig. 3), while ectoderm from over the somites was always
negative under identical culture conditions (Figs. 2 and 3). Thus,
when using the immunoblot assay we confirmed the results of
Barabanov and Fedtsova (1982) who used immunofluorescence
and cultured their tissues in 10% embryo extractand 10% FCS. We
also confirmed their observation that presumptive lens ectodermis
specified at stage 8; 100% of these cultures were positive (n=8)
when grown in medium A. Barabanov and Fedtsova (1982) also
reported 75% of their cultures of stage 6 head ectoderm and 54%
of stage 5 head ectoderm were positive for lens cells. However, in
our experiments, at stage 4 none of the cultures was positive (n=
18). In addition to our results using immunoblots, we examined the
histology of each type of culture. Most of the cells in stage 10
presumptive lens ectoderm cultures were elongated and stained
with the delta-crystallin antibody (Fig. 4 A,D). A substantially
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Fig. 3. Specification of different regions of ectoderm from stage 10
chicken embryos grown in different media. Ectoderm was removed by
trypsinization of regions of the embryo shown in Fig. 1. Bars show the
proportion of cultures that were positive on the basis of delta-crystallin
synthesis as assayed onimmunoblots. The numberabove each bar indicates
the number of cases scored.
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Fig. 4. Lens specification in vitro. Different regions of ectoderm from stage 10 chicken embryos were grown in Medium A for five days, then fixed. The
top row (A-C) shows sections viewed with differential interference contrast (DIC); the bottom row (D-F) shows immunofluorescence with a delta-crystallin
antibody and a fluorescein-labeled secondary antibody. Explants of presumptive lens ectoderm (A,D), ventral head ectoderm (B, E) and trunk ectoderm (C,F)

were tested for a lens response by antibody staining. Scale bar, 100 um.

smallerregion of cellsin cultures of ventral head ectoderm contained
delta-crystallin-positive, elongated cells (Fig. 4 B,E). However,
cultures of trunk ectoderm did not contain any elongated cells and
were negative for antibody staining (Fig. 4 C,F).

The experiments in the previous section revealed that a subset
of cells in the head ectoderm surrounding the midbrain and
hindbrain were capable of expressing delta-crystallin after several
days of growth /7 vitro. Apparently cells in this
head ectoderm have received early signals
for lens formation. To determine the extent of A
specificationinthe head region, five additional
regions of anterior ectoderm from ventral and
dorsal sides of stage 10 embryos wereisolated
and cultured (Fig. 5, Table I). A positive lens
response was seen in 83% of the cultures of
anterior ectoderm from the ventral surface of
the forebrain between the two optic vesicles
(region 1 on Fig. 5A). Ectoderm from the
dorsal side of the forebrain between the optic
vesicles (region 3 on Fig. 5B) showed aweaker
response with only 18% of the cultures positive.
Ectoderm from the dorsal surface of the head
posterior to the optic vesicles and anterior to
heart (region 4) was also positive in only 18%
ofthe cases. Cultures of ectoderm taken from
the level of the heart from either the ventral
surface (region 2) orthe dorsal surface (region
5)were rarely positive. These results revealed
the strongest lens response in cultures of
anterior ectoderm and a higher specification
on the ventral surface of the forebrain than on
dorsal surface (Table I). Although we have
not verified that signals have been received
by the specified ectoderm, we do note that the
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regions of head ectodermtested express a differential lens response
as has been noted when testing the lens forming bias of Xerngpus
head ectoderm (Grainger et a/, 1997).

Based on earlier work on Pax6transcription in chicken tissues
during this period (Li ez a/,, 1994), we decided to examine whether
the spatial patterns of specification correlated with expression of
the Pax6 protein. When whole mounts of chicken embryos were
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Fig.5. Spatial pattern of lens specification in stage 10 embryos. Dotted lines show the boundaries
of pieces of ectoderm from the ventral (A) or dorsal (B) regions of head ectoderm that were grown
in Medium A for five days as described in the text. Numbers indicate regions of ectoderm cultured
and assayed for delta-crystallin expression on immunoblots. See Table | for results.results.



stained with an antibody to Pax6, the protein co-localized with the
mRNA throughout the ectoderm (Fig. 6A). Protein expression was
found in nuclei in both the optic vesicles and in a large area of head
ectoderm, including the presumptive lens ectoderm (Fig. 6B). We
found that regions of head ectoderm that contained some cells
expressing Pax6 showed higher levels of specification. In contrast,
ectoderm near the heart and over the somites in the trunk region
are negative for Pax6 staining and these regions either show very
low numbers of positive cultures (<10%) or are not specified for
lens formation.

Effect of media on lens differentiation

Because it was possible that either the embryo extract or fetal
calfserumin medium A could contain factors thatwould themselves
induce lens differentiation in presumptive lens ectoderm and head
ectoderm, we tested these tissues for delta-crystallin synthesis
after growth in a variety of less rich media (Fig. 3). For the
presumptive lens ectoderm, successful differentiation still occurred
in 92% of the cultures even when embryo extract was omitted from
medium B. As the FCS concentration was decreased in media C
and D, there was a slight decline in lens differentiation. Even in the
absence of FCS and embryo extract, lens differentiation proceeded
in 40% of the cultures. For ventral head ectoderm, a positive lens
response was observed in 84% of the cultures with the removal of
embryo extract from media B. However 100% of the cultures were
positive when FCS was reduced from 15% to 5%. With further
reduction of FCS, the lens response decreased, as it did in
presumptive lens ectoderm, yet even in the absence of embryo
extractand serum, 50% of the ventral head ectoderm cultures were
positive for delta-crystallin. In all these media, delta-crystallin
synthesis by trunk ectoderm cultures was observed only rarely. We
conclude that an extensive region of head ectoderm is specified for
lens formation at stage 10, and before, and that specification is not
largely dependent on factors in embryo extract or serum. However,
we did notice that tissues did not grow as well in the less rich media
based on the smaller mass of tissue on a filter at the end of the
culture period. In serum-free medium no apparent growth of
tissues occurred, and though it might have been preferred to
perform further experiments in serum-free medium, the poor
growth of tissues precludes more general use of these culture
conditions.

Lens induction by the optic vesicle

The broad area of ectoderm specified for lens formation and the
early detection of specification suggested that lens induction
begins before optic vesicle formation and occurs in cells that are
not in close proximity to it. Yet because of a report in the literature
that the optic vesicle is the primary lens inducer (Karkinen-
Jaaskelainen, 1978), we re-examined lens induction by the optic
vesicle by following the procedures and culture conditions in this
study as closely as possible (Table I1). In this series, chick serum
was used in the place of FCS because Karkinen-Jaaskeldinen
noted enhanced lens differentiation in media containing chicken
serum. However, we saw no difference in lens differentiation in
media containing chicken serum or FCS (data not shown). As a
positive control, presumptive lens ectoderm from stage 10 chicken
embryos was tested and it differentiated into lenses in close to
100% ofthe cultures grown in medium A. As negative controls, both
trunk ectoderm from over the somites and optic vesicles were
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isolated and cultured alone. Neither region was positive for delta-
crystallin synthesis on immunoblots (see Fig. 2), nor was lens fiber
elongation ever observed under these culture conditions. When
stage 10 optic vesicles were combined with stage 10 trunk ectoderm
and grown in culture for five days, a positive lens-response was
observed only rarely when assayed by polyacrylamide gel
electrophoresis and immunoblotting (Table I). When tissues were
sectioned and stained with a delta-crystallin antibody, a positive
lens response was not observed (data not shown).

Because lens specification has occurred by stage 8, we tested
the nascent optic vesicles from this stage too. In one series of
experiments, stage 8 optic vesicles were combined with trunk
ectoderm from stage 10. Only 2% of the cultures with trunk
ectoderm as the responding tissue were positive on immunoblots
(Table II).

Earlier, we found that removing embryo extract showed no
reduction in successful lens differentiation in culture as long as the
FCS concentration was maintained at 15% (medium B). In another
experimental series, we tested the ability of stage 8 optic vesicles

TABLE |

DELTA-CRYSTALLIN SYNTHESIS BY REGIONS OF HEAD ECTODERM
GROWN IN MEDIUM A CONTAINING 15% CHICKEN SERUM AND 20%
EMBRYO EXTRACT

Region of ectoderm Lens response lens positive/total % positive
1 10/12 83
2 1/11 9
3 5/28 18
4 2/11 18
5 1/18 5
presumptive lens ectoderm 9/10 90

See Fig. 5 for the locations of these regions.

TABLE Il
DELTA-CRYSTALLIN SYNTHESIS BY CULTURES OF CHICK TISSUES
GROWN IN MEDIUM A CONTAINING 15% CHICKEN SERUM AND 20%
EMBRYO EXTRACT

Lens Response

Stage Tissue(s) cultured number positive/total % positive
10 presumptive lens ectoderm 59/ 64 92
10 trunk ectoderm 0/22 0
10 optic vesicle o/7 0
10 optic vesicle + trunk ectoderm 0/12 0
8 optic vesicle +
10 trunk ectoderm 1/52 2

TABLE 11l
DELTA-CRYSTALLIN SYNTHESIS BY CULTURES OF CHICK TISSUES
GROWN IN MEDIUM B CONTAINING 15% FETAL CALF SERUM AND NO
EMBRYO EXTRACT

Lens Response

Stage Tissue(s) cultured number positive/total % positive
8 presumptive lens ectoderm 8/9 89
8 trunk ectoderm 0/14 0
8 optic vesicle 0/28 0
8 optic vesicle + trunk ectoderm 2/62 3
8 optic vesicle +
10 trunk ectoderm 1/25 4
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Fig. 6. Pax6 expression in stage 10
embryos. A whole mount of a stage 10
embryo stained with a monoclonal antibody
to Pax6, followed by a horseradish peroxidase-
conjugated secondary antibody. Dianisidine
was added to produce the brown reaction
product. At stage 10 (A), staining is visible in the anterior head ectoderm
(arrows) and in the optic vesicle (ov) region. Staining is also seen in the third
rhombomere (asterisk) and in the neural tube (nt) posterior to the heart. In
a transverse section through the optic vesicle, staining is observed in both
the neural tissue and in most of the surface ectoderm (B). Scale bar, 0.5
mm in (A) and 100um in (B).

to induce lenses in trunk ectoderm from stage 8 or 10 in medium
B. Again a positive response was observed only rarely (Table I11).

Even though it has been reported that trunk ectoderm can
respond to inductive signals from the optic vesicle, (Karkinen-
Jaaskeldinen, 1978), itwould be surprisingifthis ectoderm, because
of its late developmental stage, were competent to respond to lens
signals, based on previous work with Xernopus (Servetnick and
Grainger, 1991). Yet the appropriate test ectoderm is difficult to
identify; regions of head ectoderm that are already specified are
not good test tissues either because they can differentiate on their
own. Therefore, we chose to culture stage 4 epiblast, because this
is an early stage when ectoderm is not yet specified (see results
above), along with optic vesicles from stage 10. When strips of
tissue from each side of the primitive streak were cultured with optic
vesicles for five days, all cultures (n=12) were negative by
immunoblot analysis. In all of our experiments, the results were far
below the 60% success rate reported previously (Karkinen-
Jaéskelainen, 1978).

Inhibition of lens potential in head ectoderm

Even though a large region of head ectoderm is specified for
lens formation in chick, only a subset of cells express that potential
and become a lens /7 vivo. In the remaining ectodermal cells, the
lens potential must be suppressed. We investigated how the
position of alens is finally determined by testing the hypothesis that
the underlying head mesenchyme suppresses lens potential in
most of the ectoderm. Experiments of two types were conducted.
First, a section of tissue, comprised of ectoderm and underlying
tissues, was isolated from embryos by making cuts through the
midbrain posterior to the optic vesicles and anterior to the heart
(Fig. 1A). This region is the source of head ectoderm that is

specified for lens formation by stage 10, as discussed above.
These tissue slices with the underlying cells still in contact with
head ectoderm, were cultured in Medium A for five days, and then
assayed for delta-crystallin. These tissues were never positive (0/
30). However, when these explants were trypsinized for two
minutes (but not dissected) to loosen the association of the
ectoderm with the mesenchyme, and then cultured, delta-crystallin
was observed in 28% of the cultures (n=74). As mentioned earlier,
when the ventral head ectoderm was trypsinized for two minutes,
peeled off of underlying tissue, and cultured alone, delta-crystallin
expression was observed in 97% of the cultures tested (see Fig. 3).

The second type of approach was a recombination experiment.
The same piece of midbrain/hindbrain tissue was dissected from
stage 10 embryos and placed flat in a culture dish (see Fig. 1C for
orientation). Then two cuts in the shape of an X were made to divide
this tissue into four smaller pieces that corresponded to the same
regions of ventral-medial and lateral head ectoderm studied earlier
by Barabanov and Fedtsova (1982). The upper portion of the X
contained the neural tube and was discarded. The lower part of the
X (between the lower two white arrowheads in Fig. 1C) was the
source of ventral medial ectoderm (adjacent to the gut). The sides
of the X (between white arrowheads 1-2 in Fig. 1C) contained the
lateral ectoderm. When ectodermal tissues were isolated from
underlying mesenchyme with trypsin and grown alone in Medium
A, both lateral ectoderm and ventral-medial ectoderm showed
detectable levels of delta-crystallin expression, in 56% and 43% of
the cultures, respectively (Fig. 7), though not as high as that
observed when entire pieces of ventral head ectoderm were
cultured. Yet, when mesenchyme was added back, there was
complete inhibition of delta-crystallin synthesis in both regions
grown in Medium A, mimicking what occurs /7 vivo.

The effect of omitting embryo extract on the ability of mesenchyme
to suppress lens-forming potential in head ectoderm was tested by
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Fig. 7. Effect of head mesenchyme on lens differentiation in two regions
of head ectoderm. Ectoderm was removed by trypsinization from ventral-
medial ectoderm (vme) or lateral head ectoderm (lhe) regions of the midbrain
and grown in culture alone or combined with adjacent head mesenchyme.
Bars show the proportion of cultures that were positive on the basis of delta-
crystallin synthesis as assayed onimmunoblots. The numberabove each bar
indicates the number of cases scored.
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Fig. 8. Migration of neural crest cells in the head mesenchyme of chicken embryos. Whole mounts of embryos were stained the monoclonal antibody
HNK-1, followed by a horseradish peroxidase-conjugated secondary antibody. Dianisidine was added to produce the brown reaction product in neural crest
cells. Transverse sections of whole mounts of embryos at stage 8 (A) revealed no cephalic neural crest cells on the dorsal side of the neural tube (nt), but
staining of other HNK-1 positive cells around the gut (g) is present. By stage 9(B), migration has begun (arrows). At stage 10, neural crest cells are abundant
throughout the head (arrows) as seen on a dorsal view of a whole mount (C). Neural crest cells are absent from the region of contact of the optic vesicle
(ov) and presumptive lens ectoderm (ple) on the whole mount and in a transverse section through the optic vesicles (D). Posterior to the optic vesicles (at
the level of the arrows in (C), abundant neural crest cells are seen migrating under the lateral head ectoderm on the sides of the embryo and just entering
the mesenchyme under the ectoderm on the ventral half (below the level of the neural tube) of the embryo (E). Scale bars, 100 um.

growing tissues in Medium B. 88% of cultures of lateral ectoderm
and 79% of the cultures of ventral-medial ectoderm were positive
for synthesis of delta crystallin in the absence of mesenchyme. In
contrast to the results with Medium A, mesenchyme did not inhibit
the lens response as completely in Medium B. About 60% of the
cultures of lateral and ventral-medial ectoderm were positive when
grown in Medium B. However, mesenchyme still suppressed the
lens response in these cultures by about 30% in each case. As the
concentration of serum was further reduced, the lens response in
the absence of mesenchyme declined, especially in the lateral
head ectoderm, and the inhibition by head mesenchyme was lost.
In fact, at lower concentrations of serum, mesenchyme appeared
to stimulate lens differentiation slightly (Fig. 7). As embryo extract
and serum are reduced it would appear that lens differentiation is
either no longer responsive to a mesenchymal inhibitor, or that
synthesis of the inhibitory factor is reduced.

Location of neural crest cells in chicken embryos

The lens-forming potential of non-lens head ectoderm is clearly
not expressed /7 vivo. Arole for the head mesenchyme in inhibiting
this lens potential was demonstrated in our experiments where
mesenchyme was recombined with head ectoderm from stage 10
embryos (Fig. 7). It has been shown in transplant experiments that
neural crest cells have begun to migrate out from the neural tube
and infiltrate head mesenchyme by stage 10 in chicken embryos
(Noden, 1975). Therefore, we used the marker HNK-1 to follow

neural crest cell migration during the stages we studied earlier. At
stage 8, neural crest cells were not detected in the head region (Fig.
8A). At stage 9, two clusters of cells were observed on either side
of the dorsal surface of the neural tube (Fig. 8B). By stage 10,
neural crest cells were abundant in the head region (Fig. 8C), and
were concentrated on the lateral sides of the head right under the
head ectoderm (Fig. 8E). Neural crest cells were also present in
two clusters along the dorsal surface of each optic vesicle, butwere
absent from the midline on both the dorsal and ventral surfaces
(Fig. 8D). In addition, neural crest cells (and mesenchyme cells in
general) were conspicuously absent under the presumptive lens
ectoderm (Figs. 8 C,D).

Discussion

Because the more recent view of lens induction was developed
from experiments on a limited number of species of amphibians, it
is not known how general the model might be. The purpose of the
present study was to test parts of this model in chicken embryos.
We present evidence that a large region of head ectoderm is
specified for lens formation well before optic vesicle formation and
that specification can be detected in a variety of culture media. The
optic vesicle was not found to be a potent lens inducer. We show
as well that head mesenchyme has a powerful inhibitory effect on
the lens potential in lateral and ventral-medial head ectoderm
under some culture conditions and that neural crest cells are



778 C.H. Qullivan et al.

infiltrating the mesenchyme at the time of optic vesicle contact.
Taken together, these results are generally consistent with the
revised model of lensinduction developed foramphibians. However,
as discussed below, our data identify some steps in chick lens
formation that differ from the amphibian model.

Spatial and temporal specification of lens fate

We observed that head ectoderm becomes specified for lens
formation well before optic vesicle formation and that specification
includes ectoderm some distance away from the optic vesicle. The
molecular basis for specification is unknown, but our results,
coupled with studies on the expression patterns of several genes,
are informative. Many genes have been identified that when
mutated or knocked out, result in phenotypes affecting eye tissues
including the lens (reviewed by Hirsch and Grainger, 2000; Lang,
this issue). Some of these genes are expressed very early and are
down regulated by the time specification occurs (for example, Sox3
in Xenopus [Zygar et al, 1998]), while others (Sox2 and 3 in
chickens [Kamachi et a/, 1998] and eyes absentin mice [Xu etal,
1997]) are expressed after optic vesicle contact with the presumptive
lens ectoderm. However, the expression pattern of two other genes
does occur in tissues at the onset of lens specification. One
candidate for arole in specification is the well-studied gene, Pax6,
discussed previously. For many regions of the head ectoderm,
there is good correspondence between Pax6 expression and
specification. In chick, the larger region of head ectoderm that is
specified for lens formation corresponds to a larger domain of Pax-
6expression than is seen in Xengpuswhere the specified area is
correspondingly smaller (Zygar efal., 1998). A second gene, OLx2,
is up regulated during the bias period in Xenopus (Zygar et al.,
1998). Infact, OtxZexpression begins just before Pax6expression
at the bias stage, and then expression of both genes continues
during specification. However, expression of Ox2and Pax6 are
notdetectable atthe very beginning of bias in Xenopus, soitis likely
that other genes are involved in this early event.

Effect of media on lens differentiation

Because of the wide variety of culture conditions used in past
studies, we examined the lens response in different media. The
strong lens-forming ability inlens and non-lens head ectoderm was
observed in a variety of culture media, ranging from rich media
(containing embryo extract and serum), which probably bestimitates
the environmentin the embryo, to medialacking these components.
In fact, the lens response in head ectoderm was frequently higher
than that observed in the presumptive lens ectoderm. Yet, the
response in trunk ectoderm was always very low. Therefore, we
believe that we are not observing a widespread activation of lens
differentiation because of our culture conditions, but rather we
propose that we are seeing a strong tendency for lens formation
that is normally repressed in head ectoderm and that is absent in
the trunk ectoderm. In addition, lens differentiation does not appear
to be dependent on serum and embryo extract components in the
culture media used in our experiments even though the richer
media do enhance the lens response to some degree.

A somewhat different conclusion was reached in some of the
earlier studies of lens formation where the differentiation response
of more mature lens tissue was dependent on culture conditions.
Several experiments examined the differentiation of fiber cells from
lens epithelial cells /7 vitro. For example, epithelial cells from six

day old chicken embyos differentiated into elongated fiber cells
(Philpott and Coulombre, 1965) capable of synthesizing crystallins
(Piatigorsky er a/, 1972) only in the presence of serum, but not in
media lacking serum. Yet in our work from younger embryos, the
initial response to activate lens differentiation in specified ectoderm
does not seem to be greatly dependent on serum conditions.

Several secreted molecules have been shown to have arole in
lens induction that could contribute to the enhanced response we
see in complex media (see chapters by Lang; Reneker eza/, inthis
issue). For example, two types of bone morphogenetic proteins
(BMPs) are critical for lens development. In mice mutant for Brmp4
(Furata and Hogan, 1998) or Bmp7(Wawersik efal, 1999), alens
placode fails to form. The role of BMPs in lens differentiation is
unclear. Fibroblast growth factors (FGF) are also synthesized in
neural tissue prior to lens formation and Fg/& can trigger
differentiation of lens fiber cells in mouse (Lovicu and Overbeek,
1998) and chicken (Vogel-Hopker et a/, 2000) embryos. Finally,
retinoic acid is another possible signaling molecule based on the
detection of biosynthetic enzymes present during early steps of
lens formation in mice (Mic eta/,, 2000) and developmental effects
of retinoid treatments in mouse embryos (Enwright and Grainger,
2000).

Lens induction by the optic vesicle

Because of the broad and early specification of head ectoderm
for lens formation, lens induction must begin before the optic
vesicle contacts the presumptive lens ectodermin chicken embryos.
Nevertheless, we attempted to repeat earlier experiments of
Karkinen-Jaaskeldinen (1978) as closely as possible because they
suggest a key role for the optic vesicle. These experiments were
designed to test the ability of optic vesicle to induce lenses in trunk
ectoderm grown in recombinant cultures. Although a 60% success
rate was reported when both chicken embryos (stages 8 through
11) and mouse embryos (at comparable stages) were examined
(Karkinen-Jaaskeléinen, 1978), we rarely observed a positive lens
response on western blots. Because neither stage 8 nor stage 10
optic vesicles were capable of inducing lens formation in our
experiments, it appears that other tissues must be the source of
information needed for lens formation. An alternative explanation
for our failure to observe lens induction is that the trunk ectoderm
at these stages is not competent to respond to a signal from the
optic vesicle. ldentifying the correct test ectoderm for our
experiments is difficult. Large regions of ectoderm that are already
specified will proceed ontolens differentiation without furtherinductive
signals. This makes it difficult to evaluate the contribution of the optic
vesicle. We have begun to identify the temporal and spatial limits of
specification for a lens fate within the head ectoderm with the goal of
finding aregion of ectodermto test the contribution of the optic vesicle
inlensinduction. What we have shown in the present study is that the
optic vesicle cannot induce a lens in trunk ectoderm as others have
claimed, nor does unspecified epiblast tissue respond. Yet the
epiblast along the primitive streak may not be a satisfactory test
tissue either and anterior epiblast may be preferred. However, the
boundaries between neural tissue, presumptive lens tissue, and
other head ectoderm are hard to distinguish in chicken embryos. This
difficulty highlights the advantages of studying early aspects of lens
inductionin Xerngpus, where the embryos are larger and the landmarks
between neural and non-neural ectoderm are clearer at early
developmental stages.



While it is possible that differences in the source of serum and
embryo extract could account for our failure to replicate Karkinen-
Jaéaskelainen’s results, there are other differences that might be
important as well. Two major differences between our assay and
the one used by Karkinen-Jaaskelainen were the antibodies used
and her reliance solely on immunofluorescence. The antibodies
used were prepared againsttotal lens protein, whereas our antibody
was prepared against purified delta-crystallin (D. Beebe, personal
communication). It is possible that the antibody used by Karkinen-
Jaéaskelainen recognized an antigen that is not specific to the lens.
Finally, if some ectoderm remained attached to the optic vesicle
after enzyme treatment, then this ectoderm could be the source of
the positive results observed previously (Karkinen-Jaéaskelainen,
1978). While a host and donor marking scheme was used in some
of the experiments by Karkinen-Ja&skelainen, the method was not
usedinall cases and appears notto have been used simultaneously
with a marker for lens differentiation (i.e. the lens antibody).

Early lens-inducing tissues

If the optic vesicle is not the source of the primary lens-inducing
signal in the chick, what tissues are responsible? Whether there
are earlier signals emanating from the neural plate, or possibly
from underlying tissues (as suggested from amphibian work;
Grainger, 1996) is not clear from our studies. Experiments by
Jorquera et al. (1989) suggested that early presumptive cardiac
mesenchyme may be a lens inducer. When stage 4 epiblast was
cultured alone, no lens response was observed (similar to our
specification experiments reported above). However, when stage
4 epiblast was cultured with cardiac mesenchyme from the same
stage, lenses were observedin about half of their cultures. However,
in most of these positive cultures, neural tissue was observed too
(Jorqueraetal., 1989). This latter observation raises the possibility
that neural tissue, perhaps presumptive eye tissue, is actually the
source of the lens-inducing signal seen in these experiments.

Inhibitory tissue interactions in lens formation

Our specification experiments showed that an extensive region
of head ectoderm is capable of lens differentiation when separated
from underlying mesenchyme and grown /7 vifro. However, this
potential is suppressed in most of the head ectoderm /7 vivo, only
the presumptive lens ectoderm differentiates into a lens. Inhibition
of the lens potential was also observed /7 vitro when underlying
mesenchyme was left attached to the ectoderm or recombined with
lateral or ventral-medial ectoderm. We found that the HNK-1
positive cells have begun to migrate under lateral head ectoderm
by stage 10, agreeing well with Noden’s work neural crest cell
migration (1975). He used transplants of 3H-thymidine labeled
tissue and observed that neural crest cells had migrated under
head ectoderm by stage 12-13. Therefore, it seems likely that
neural crest cells are in position to be the source of the inhibitory
signal that suppresses the lens potential in both the lateral and
ventral-medial regions of the head ectoderm.

We also observed that embryo extract was important for
preserving the inhibitory effect of mesenchyme in culture. This
result suggests that the embryo extract might contain a factor that
contributesto the inhibition of lens differentiation when mesenchyme
is present. Intheir studies of lens cell proliferation, Hyatt and Beebe
(1993) identify a factor that might be responsible for this effect. One
well-known characteristic of lens cells is their withdrawal from the
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cell cycle as part of differentiation (Modak ef a/,, 1968). Hyatt and
Beebe found a factor in chick serum that promotes cell division and
blocks cell elongation characteristic of lens differentiation. This
factor had its highest activity in serum from 10-day embryos, the
same age we used to prepare embryo extract. Itis possible that this
factor is contributing to the inhibition of delta-crystallin synthesis in
cultures grown in medium A containing embryo extract. Potts efa/.
(1998) have shown that proliferation of embryonic lens epithelial
cells can be maintained /7 vitro by an unidentified factor found in
serum that stimulated STAT phosphorylation, suggesting the
involvement of the Jak-STAT pathway in regulating this balance
between proliferation and differentiation. A growing list of growth
factors, growth factor receptors and components of other signal
transduction pathways appear to be part of controlling this balance
as well (see chapters by Beebe et a/, Chu efa/ and Reneker et a/.
in this issue.)

While the observation that the other media do not lead to full
inhibition by mesenchyme might imply that this inhibition is not a
primary role for these cells, the fact that media containing embryo
extract shows a strong inhibitory effect may imply that this is simply
the medium that best recapitulates /7 vivoconditions. Further study
will be required to establish in a definitive way which of these
interpretations is correct.

What is the role of the optic vesicle?

Our results do not support a model in which the optic vesicle is
the primary inducer of the lens. However, itis possible that the optic
vesicle contributes to the final phases of lens induction. Indeed
there is evidence from amphibians that transplantation of the optic
vesicle to regions of non-lens head ectoderm can induce lenses in
already biased, but not specified, ectoderm (Grainger eta/., 1997).
In the chick, an anterior-posterior gradient in the lens response of
the ectoderm was observed by Alexander (1937), in his transplant
experiments on stage 8 and 9 hosts that may reflect similar
properties in the chick. A higher percentage of positive lens
responses was seen when optic vesicles were transplanted under
ectoderm surrounding the eye, than when transplanted under head
and neck ectoderm. Transplants under trunk ectoderm were
negative. Recent results in Xengpus indicate that during normal
development the optic vesicle may play a key role in converting
specified ectoderm to determined ectoderm, that is, establishing
the final, irreversible commitment of lens ectoderm to a lens fate
(Jin and Grainger, unpublished).

The tight association of the presumptive lens ectoderm and
optic vesicle suggests that an additional important role for the optic
vesicle may be to block neural crest cells and other mesenchyme
from entering this region thereby suppressing the inhibitory effects
of mesenchymal cells. Whether the optic vesicle provides a positive
signal in addition to preventing the inhibition from adjacent
mesenchyme is as yet unclear.

The final role for the optic vesicle comes from evidence that the
neural retina (derived from the optic vesicle) is needed for
differentiation of lens fiber cells (Coulombre and Coulombre,
1963). They showed that if the position of a lens from a five-day
chicken embryois reversed in the eye so that the anterior epithelial
cells face the vitreous humor and neural retina, epithelial cells will
convert to fiber cells. While a number of growth factors appear to
play arole in lens differentiation, members of the fibroblast growth
factor family produced by the neuralretina, are particularly important
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based on studies in both mouse (Robinson eza/.,, 1998; Stolen and
Griep, 2000) and chicken (McAvoy and Chamberlain, 1989; Le and
Musil, 2001) embryos.

Does the revised model of lens induction apply to chicken
embryos?

Based on what information we have on lens induction from
various organisms, as well as the conservation of eye regulatory
genes in a large number of species (reviewed by Hirsch and
Grainger, 2000), it seems plausible that features of eye formation,
including lens induction, might be fundamentally similarin animals.
Theresults presented in this paper suggestthatin chicken embryos,
the optic vesicle is not the primary inducer, but that earlier tissue
interactions are necessary for lens formation, as in amphibians,
though the source of the early signal is as yet uncertain in the chick.

While alens-forming bias is established in large regions of head
ectoderm in amphibians (Grainger et a/, 1997), the region of lens
specificationisrestricted to the presumptive lens area. The situation
is somewhat different in the chick in that specification occurs much
earlier than in Xengpus, where this event is coincident with contact
from the optic vesicle (Henry and Grainger, 1990). We also have
evidence that non-lens head ectoderm between the optic vesicles
and the heart remains specified for about 12 hours after optic
vesicle contact, though stage 13 (G. Syed and C. Sullivan,
unpublished). Therefore, the inhibition by the mesenchyme thatwe
observe is an event that must still be occurring /7 vivo well after
specification is first detected. Whether the broader region of
specified ectoderm in the chick results from a stronger early
inductive signal, or aweaker inhibitory signal, relative to amphibians,
remains to be determined.

Our results are consistent with a role for head mesoderm in
suppressing lens specification in head ectoderm. As noted earlier,
data from amphibians has suggested a role for neural crest cells in
inhibiting the lens potential in head ectoderm (von Woellwarth,
1961). Involvement of the neural crest is also suggested from
studies of embryos with mutations in the Paxé6 gene inrats (Matsuo
etal, 1993). Lenses do not form in these mutant animals in which
neural crest migration is disturbed. Interestingly, neural crest cells
that are normally destined for the olfactory area move into the eye
region. If the neural crest cells are the source of the inhibitory
signal, they may contribute to the absence of lensesin cases where
neural crest cells accumulate in the eye region of mutant rats.
Recently, Enwright and Grainger (unpublished) have also shown
that head mesoderm in mouse can inhibit the lens-forming ability
of the presumptive lens ectoderm in this species. Our studies on
the chick suggest that neural crest cells may contribute to the
inhibitory effect that we see, but further work is needed to clarify
their role.

Materials and Methods

Embryos

Fertile White Leghorn eggs (CBT Farms, Chestertown, MD) were
incubated at 38°C in a humidified incubator for the appropriate time to reach
desired developmental stages (Hamburger and Hamilton, 1951). Each egg
was rinsed in 70% ethanol, dried, then opened into sterile phosphate-
buffered saline (PBS). Embryos were collected as described previously
(Sullivan et al,, 1991a). Briefly, embryos were removed from the surface of
the yolk, then excess tissue was trimmed using 27 gauge needles attached
to 1 mlsyringes. Most of our experiments were conducted with stage 10 (10-

12 pairs of somites) embryos that were cut at four locations (see dotted lines
in Fig. 1A) to isolate the forebrain containing the two optic vesicles, the
remainder of the head (midbrain and hindbrain), the heart region, and the
trunk. Then surface ectoderm was separated from underlying tissues
following a briefincubation in 3% trypsin-pancreatinin PBS onice (Karkinen-
Jaaskelainen, 1978). Activity of the trypsin was stopped by transferring the
tissues to 20% chicken serum in PBS. Tissues remained in the serum
solution for 10-15 minutes while being dissected. The lens-forming potential
of different regions of ectoderm was studied as described in the next
section. Presumptive lens was isolated from over the optic vesicles (Fig.
1B) and trunk ectoderm was collected from over the somites (Fig. 1D). In
our previous experiments (Sullivan et a/, 1998), an entire strip of head
ectoderm was dissected from the surface of the midbrain. In this study, most
of our experiments used a smaller piece of head ectoderm from the ventral
half of the midbrain (Fig. 1C).

Tissue culture

Pieces of tissue were cultured on small squares of Millipore or Nuclepore
filters supported on a wire mesh screen and placed in a 35 mm culture dish
as described previously (Sullivan et a/, 1998). The typical culture medium
(medium A) was Basal Medium Eagle (BME) supplemented with essential
and non-essential amino acids (GibcoBRL), 20% embryo extract (EE)
prepared according to Peterson and Grainger (1985), and 15% heat-
inactivated chicken serum (CS) or fetal calf serum (FCS) after Karkinen-
Jaaskelainen (1978). In other media the embryo extract was omitted.
Medium B contained 15% FCS, medium C contained 5% FCS, medium D
contained 1% FCS, and medium E contained 0% FCS. Culture dishes were
setup and the media pre-equilibrated in a 37°C incubator with 5% CO,. The
medium was changed on the second or third day and tissues were typically
cultured for five days.

Histology and immunofluorescence

Cultures were harvested and placed directly in cold Bouin’s fixative
overnight. Tissues were dehydrated through alcohol, cleared in xylene and
embedded in paraplast. 7 um sections were cut on a microtome and were
processed by routine methods (Humason, 1979). To localize sites of delta-
crystallin accumulation, sections were incubated for an hour with a 1:2000
dilution of a polyclonal antibody to purified delta-crystallin prepared in
rabbits as described previously (Sullivan er a/, 1998). Slides were rinsed
in 1X PBS then stained with a 1:250 dilution of fluorescein-conjugated goat-
anti-rabbit (American Qualex) secondary antibody, also for an hour at 37°C.
Sections were viewed with an Olympus BX-60 photomicroscope equipped
for epifluorescence.

Polyacrylamide gel electrophoresis and immunoblotting

Most cultures were analyzed for delta-crystallin synthesis by
polyacrylamide gel electrophoresis and immunoblotting. An entire culture
was placed in 1X Laemmli (1970) sample buffer (8% sucrose; 5% [-
mercaptoethanol; 2% sodium dodecyl sulfate; 62.5 mM Tris HCI, pH 6.8;
0.2 mg bromophenol blue). Samples were boiled for 5 minutes and stored
at-20°C until analyzed by polyacrylamide gel electrophoresis as described
below.

Proteins were separated by polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate (Laemmli, 1970) on 10% gels. Gels
were then prepared for electroblotting to nitrocellulose (Towbin ef a/,
1979). After transfer, nitrocellulose was processed as described previously
(Sullivan et al, 1998). The primary antibody to delta-crystallin was used at
a 1:1000 dilution and was applied for 2 hours at 37°C. The secondary
antibody was a goat anti-rabbit IgG conjugated to horseradish peroxidase
(American Qualex) with dianisidine as the substrate.

Whole mount immunocytochemistry

Chicken embryos were processed for whole mount staining using a
maodification (Lefcort, personal communication) of the procedure of Dent e#
al, (1989). Embryos were fixed in methanol:dimethylsulfoxide (4:1) and



bleached as described. Specimens were rehydrated through methanol to
PBS, then incubated in two changes of PBS containing 10% goat serum
and 0.1% Triton X-100 (PBSGST) at room temperature for an hour each.
Specimens were incubated overnight at 4°C in a 1:10 dilution of mouse
hybridoma supernatant (American Type Tissue Collection) from the neural
crest marker HNK-1 (Vincent efa/,, 1983) in PBSGST or in a 1:5 dilution of
mouse hybridoma supernatant (Developmental Studies Hybridoma Bank)
to Pax6. The next day, specimens were washed five times in PBSGST; the
first two washes were at 4°C and the others at room temperature. Embryos
were incubated overnight at 4°C in a horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (American Qualex) diluted 1:250 in
PBSGST. Specimens were washed five times as above in PBSGST and
were washed a final time in PBS containing 0.2% bovine serum albumin
and 0.1% Triton X-100 (PBT). Color was developed using 0.03%
diaminobenzidine in PBT for 20 minutes, then adding hydrogen peroxide to
a final concentration of 0.03%. The reaction was stopped by replacing the
substrate with 50% ethanol. Embryos were dehydrated through a methanol
series and cleared in benzyl alcohol:benzyl benzoate (1:2). Stained whole
mount specimens were embedded in Paraplast and sectioned by routine
procedures.
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