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Proteoglycans have been implicated in the invagination and formation of various embryonal cavitied
primordia. In this paper the expression of chondroitin sulphate proteoglycan is analysed (CSPG) in the lens
primordium during lens vesicle formation, and demonstrate that this proteoglycan has a speci®c
distribution pattern with regard to invagination and fusion processes in the transformation of placode into
lens vesicle. More speci®cally, CSPG was detached in: (1) the apical surface of lens epithelial cells, where
early CSPG expression was observed in the whole of the lens placode whilst in the vesicle phase it was
restricted to the posterior epithelium; (2) intense CSPG expression in the basal lamina, which remained
constant for the entire period under study; (3) CSPG expression in the intercellular spaces of the lens
primordium epithelium, which increased during the invagination of the primordium and which at the
vesicle stage was more evident in the posterior epithelium; and (4) CSPG expression on the edges of the
lens placode both prior to and during fusion. Treatment with b-D-xyloside causes signi®cant CSPG
depletion in the lens primordium together with severe alterations in the invagination and fusion of the
lens vesicle; this leads to the formation of lens primordia which in some cases remain practically ¯at or
show partial invagination defects or fusion disruption. Similar results were obtained by enzyme digestion
with chondroitinase AC but not with type II heparinase, which indicates that alterations induced by b-D-
xyloside were due to interference in CSPG synthesis. The ®ndings demonstrate that CSPG is a common
component of the lens primordium at the earliest developmental stages during which it undergoes speci®c
modi®cations. It also includes experimental evidence to show that `in vivo' CSPG plays an important role
in the invagination and fusion processes of the lens primordium. # 2001 Academic Press
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1. Introduction

The earliest steps in lens development are based on a
sequence of morphogenetic events which are common
to other primordia and involve the induction of an
ectodermal placode (lens placode) which invaginates
and, subsequent to the approximation and fusion of
its periferal limits, with the formation of the lens stalk
and subsequent to its re-absorption, forms an isolated
vesicle (lens vesicle). A morphological description of
this process in chick embryos was given by Schook
(1980a,b) and Hilfer (1983).

The morphogenetic processes involved in invagina-
tion leading to the formation of a tube or vesicle
primordium are to a large extent unknown, although
different mechanisms have been suggested; these
include the following: (1) apical contraction of actin
and myosin ®laments which modulates the way in
which the cellular cytoskeleton is organized and
brings about changes in cellular shape. It has been
suggested that this mechanism operates during the
invagination of different ectodermic placodes such as
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the lens itself, the otic and nasal placodes and the
neural tube, among others (Wrenn and Wessells,
1969; Bancroft and Bellairs, 1977; Brady and Hilfer,
1982; Ferreira and Hilfer, 1993); (2) a high rate of
cell replication in the lens placode, with respect to the
surrounding surface ectoderm, has been proposed as
the mechanism responsible for creating forces
involved in lens placode invagination (Modak, Morris
and Yamada, 1968; Harding et al., 1971; Hendrix
and Zwaan, 1974; AÂ lvarez and Navascues, 1990;
Hendrix, Madras and Johnson, 1993); (3) certain
extracellular factors and, more speci®cally, extra-
cellular matrix molecules, appear to be associated
with epithelial invagination. What is more, it is
known that alteration of the synthesis or enzyme
degrading of particular matrix molecules such as
collagen, certain proteoglycans and glycoproteins,
may disrupt epithelial folding, as occurs in the
branching of the salivary gland, lung and kidney
primordia (Spooner and Faubion, 1980; Thompson
and Spooner, 1983; Spooner, Bassett and Stokes,
1985; Nakanishi et al., 1986; Klein et al., 1989). In
this way, it was demonstrated that proteoglycans in
the extracellular matrix and basal laminas play an
important role in the invagination of primordia
# 2001 Academic Press
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similar to the lens anlage, for instance, the otic
placode (Gerchman, Hilfer and Brown, 1995; Moro-
BalbaÂs et al., 2000) and the neural plate (Schoenwolf
and Fisher, 1983; Morris-Kay and Tuckett, 1989). In
relation to this matter, there are previous studies
which reveal the presence of glycoconjugates and
proteoglycans in lens vesicle development. The pre-
sence of glycoconjugates on the apical surface of the
lens placode during invagination and fusion was
demonstrated with histochemical and lectin tech-
niques by Van Rybroek and Olson (1981), Webster
and Uknis (1987) and Yao, Alcala and Maisel (1996).
More speci®c studies relating to proteoglycan expres-
sion during early lens development were carried out
by Haloui et al. (1988). These showed that HSPG is
present in the basal membrane during lens placode
and vesicle stages in mice embryos. More recently,
Ring, Lemmon and Halfter (1995) and Peterson et al.
(1995) described the expression pattern of CSPG and
hyaluronic acid during chick and macaca mulata lens
development, respectively. According to the latter
authors, there is a signi®cant amount of hyaluronic
acid in the matrix interposed between the optic cup
and the lens placode, as well as in the intercellular
spaces of lens placode cells and in the basal lamina
during invagination. These authors also demon-
strated the pattern of the CSPG expression in the
same animal model and reported the presence of this
proteoglycan in coincidence with hyaluronic acid in
the matrix interposed between the optic vesicle and
the lens placode; however, the presence of CSPG in the
extracellular space of the lens placode seems to be
restricted to the deep part of the lens epithelium,
disappearing when the lens vesicle is formed. As a
consequence, these authors suggest that hyaluronic
acid and CSPG may be involved in the invagination
and fusion of the lens placode.

In addition, there is strong evidence that FGF-2
plays a key role in lens development (McAvoy et al.,
1991; Tripathi et al., 1991). It was demonstrated that,
in embryonic development, there is a direct functional
relationship between FGF-2 and chondroitin sulphate
proteoglycan (Ruoslahti and Yamaguchi, 1991; Milev
et al., 1998; Colin et al., 1999) or heparan sulphate
proteoglycan (Massague, 1991; Yayon et al., 1991;
Nugent and Edelman, 1992); these data suggest that
the in¯uence of proteoglycans in lens development
could be mediated by growth factors.

It was mentioned above that proteoglycans may
play an important role in early lens morphogenesis
and, as a result, a precise knowledge of the expression
pattern of proteoglycans might help to understand the
mechanisms involved in lens development. In this
paper the authors try, by means of immunohisto-
chemistry and laser confocal microscopy, to throw
light on the expression pattern of CSPG during lens
vesicle formation in chick embryos. They also try to
determine the biological role of this proteoglycan
during lens vesicle formation by alteration of its
synthesis with b-D-xyloside as well as its enzyme
degradation with speci®c glycosidases.

Sulphated proteoglycans biosynthesis may be dis-
rupted by treatment with b-D-xyloside, and this
strategy has been shown to be useful as regards
clarifying the biological role of proteoglycans in
embryonic tissues (Yost, 1990; Alonso et al., 1999).
b-D-xylosides act as arti®cial acceptors of xylosiltrans-
ferase, an enzyme which is involved in initiating
synthesis of the glycosaminoglycans (GAGs) of certain
sulphated proteoglycans (Gibson and Segen, 1977). It
is known that b-D-xyloside acts upon proteoglycans in
which GAGs synthesis is initiated by the incorporation
of a xylose to a serine residuum in the core protein; in
other words, upon CSPG and its epimere dermatan
sulphate proteoglycan as well as upon heparan sul-
phate proteoglycan (HSPG) and heparin (Sobue et al.,
1987; Hahn and Birk, 1992). Furthermore, it has
been shown that the activity of b-D-xyloside is dose-
dependent, acting preferentially in small doses upon
CSPG biosynthesis and in large doses upon HSPG
biosynthesis (Lugenwa and Esko, 1991). In order to
differentiate the biological role of these proteoglycans
during lens vesicle formation chondroitinase AC is
used, which speci®cally digests CSPG (but not
dermatan sulphate), and type II heparinase, a speci®c
enzyme for HSPG/heparin.
2. Materials and Methods

Fertile white leghorn eggs were incubated at 388C in
a humidi®ed atmosphere to obtain chick embryos at
different developmental stages ranging from 14 to 17
H.H. (Hamburger and Hamilton, 1951), involving the
transition from lens placode to lens vesicle. Embryos
were removed from the extraembryonic membranes
and ®xed for 6 hr in Bouin's ¯uid at room tempera-
ture. After dehydration in graded ethanol series and
embedding in paraplast, 8 mm transverse sections
were stained with haematoxylin and eosin. The most
representative sections were photographed with a
Nikon microphot-FXA photomacroscope.
Immunohistochemistry

Chick embryos of developmental stages similar to
those used for histological study were immersed for
1 hr in Carnoy's ®xative at room temperature and
gently soaked, after which they were dehydrated in
graded ethanol series and embedded in paraplast.
Carnoy's ®xative has been reported to be the best for
maintaining the carbohydrate epitope of proteo-
glycans (Gato et al., 1993).

Deparaf®nized sections of 8 mm from ®ve different
lens primordia at each stage were washed in
phosphate-buffered saline (PBS), pre-incubated with
normal horse serum (1/20 in PBS) and incubated
overnight with anti-chondroitin sulphate monoclonal
antibody CS-56 (Sigma). After two washings in PBS,
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the sections were reincubated for 30 min in ¯uor-
escein-conjugated goat antimouse IgM (Vector) as a
secondary antibody, mounted in Aquamount (Gurr)
and studied under a Zeiss LSCM 310 laser confocal
microscope. Control sections were prepared as
described above but pre-immune serum was used as
the primary antibody and no labelling was observed.

In certain embryos HSPG expression was deter-
mined by a procedure similar to the one mentioned
above: the primary antibody was a rat Ig-G anti-
heparan sulphate proteoglycan (Upstate Biotechnol-
ogy) and the secondary antibody was an anti-rat Ig-G
FITC conjugate (Sigma).
b-D-xyloside Treatment

Treatment was carried out `in ovo' after 40±45 hr
of incubation. A small window was opened in the shell
and the embryos were classi®ed according to
Hamburger and Hamilton (1951) parameters. For
b-D-xyloside treatment, a single dose of 24 ml p-nito-
phenyl-b-D-xylopyranoside 4 mM (Sigma) was injected
subgerminally, with a Hamilton microsyringe, into 11
H.H. stage embryos prior to lens placode formation.
These doses were chosen as a result of previous studies
that showed a clear disruption in CSPG biosynthesis
without severe effects on chick embryo development
and protein synthesis (Moro-BalbaÂs et al., 1998;
Alonso et al., 1999). Control embryos were injected
with sterile saline solution or with a-D-xyloside 4 mM

(an inactive anomer of b-D-xyloside). The aim of this
group was to rule out possible direct effects of xylosides
on embryo development and growth. Afterwards, the
opening in the shell was sealed and the eggs were
reincubated for 12 hr until the embryos reached stage
17 H.H. when the lens vesicle was isolated from the
surface ectoderm. Under these conditions, a series of
20 treated and 20 control embryos was employed in
our study. These embryos were ®xed and processed as
described above for histological and immunohisto-
chemical study.
Enzymes Microinjection

Microinjecting was carried out `in ovo', subsequent
to the opening of a small window in the egg shell, then
the embryos were classi®ed by age. Only the 12 H.H.
stage embryos were microinjected. Once the vitelline
membrane had been cut with tungsten needles,
subectodermal microinjection was undertaken, with
2 nl of a solution of 10 U heparinase II from
Flavobacterium heparinum (Sigma) dissolved in 25 ml
of PBS, or 2 nl of a solution of 8.7 U chondroitinase
AC (Sigma) dissolved in 500 ml of PBS, on the right
side of the eye anlage. On the left side, used as the
control, the same amount of heat-deactivated enzymes
were microinjected. Microinjection was effected with
10 mm tip diameter microneedles connected to a
microinjector (Medical Systems Corp, Greenvale, NY
11548, U.S.A., PLI-100). When microinjection had
been completed, the egg shell was sealed with a plastic
adhesive tape and we proceeded to re-incubate for a
period of 24 hr, until the embryos reached stage
16±17 H.H. A total of 20 embryos were microinjected
with each enzyme. Upon extraction, the microinjected
embryos were processed for HSPG and CSPG immuno-
marking, following the same method as the one
described above. The effect produced by treatment
with enzymes was checked by comparison with the
treated side (right) relative to the control side (left).
3. Results

Evolutive Pattern of CSPG Immunolabelling during Lens
Vesicle Development

In the very early stages of development, prior to the
appearance of the lens placode, no differences were
found in the expression pattern of CSPG between the
presumptive lens ectoderm and the rest of the surface
ectoderm (not shown). In coincidence with the
formation of the lens placode and its invagination,
fusion and isolation from the surface ectoderm,
signi®cant changes appear in the distribution of
CSPG immunolabelling with respect to the surround-
ing ectoderm. These changes suggest that this
proteoglycan could be involved in early lens morpho-
genesis.

In this study the authors were able to verify CSPG
expression at four different locations of the lens
primordium, each one developing independently of
the others. These were: (1) immunolabelling on the
apical surface; (2) immunolabelling on the basal
lamina; (3) intercellular immunolabelling in the lens
epithelium; and (4) immunolabelling in the fusion
region of the lens placode edges.

Apical surface CSPG immunolabelling. At this level,
immunolabelling appeared as a ®ne lamina of
immunoreactive material covering the apical surface
of the lens epithelium cells, which suggests that it may
form part of a `cell coat'. The presence of this positive
CSPG material began with the appearance of the lens
placode [Fig. 1(A)] and represented the ®rst sign of
differentiation in CSPG expression with respect to the
surrounding surface ectoderm. At this stage, CSPG
had the features of a ®ne discontinuous lamina of
moderately immunoreactive material. This apical
immunolabelling varied in terms of its presence and
intensity particularly at stages prior to lens vesicle
formation; this suggests that it might be lost due to
diffusion during embryo processing [compare
Fig. 1(A±C)]. Once the lens vesicle had formed, apical
CSPG immunolabelling was restricted to the posterior
epithelium and appeared as a ®ne continuous lamina
of greater intensity than at previous stages [Figs 1(F)
and 2(A)].



FIG. 1. Micrographs at lens primordium level of chick embryos processed with CS56 anti-chondroitin sulphate antibody and
using a conjugate secondary antibody with ¯uorescein isothiocyanate (FITC). The images show the CSPG expression pattern
during formation of the lens vesicle. (A) Lens placode phase, Stage 14 H.H. (B and C) Invagination phase, Stage 15 H.H. (D and
E) Approximation-fusion phase and lens stalk formation Stage 16 H.H. (F) Lens vesicle independent of surface ectoderm, Stage
17 H.H. Note CSPG immunolabelling on the apical surface of the lens primordium (arrow heads) and on the basal surface
(small arrows), a progressive increase in intercellular CSPG immunolabelling on the lens epithelium and more intense
immunomarking in the fusion and lens stalk regions (large arrows). All images have the same magni®cation. Bar � 20 mm.
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Immunolabelling on the basal lamina. No signi®cant
differences in the lens basal lamina immunolabelling
were encountered with respect to the rest of the
surface ectoderm. This immunolabelling had the form
of a continuous and well-de®ned lamina of greater
intensity than apical CSPG immunomarking, extend-
ing from the placode phase to that of the lens vesicle
(Fig. 1). At the lens placode stage, CSPG immuno-
labelling on the basal lamina was accompanied by
delineation of the optic vesicle-cup in the regions in
which the two structures came into contact [Fig. 1(A)
and (B)]. However, in the lens vesicle stage, in the area
of contact between the edges of the optic cup and the
lens vesicle equator, CSPG immunolabelling was
signi®cantly less or even disappeared [Fig. 1(D) and
(E)]. Highly immunoreactive material in the primitive
vitreous chamber was frequently observed, and this
was occasionally seen adhering to the CSPG on the
lens basal lamina [Figs 1(F) and 2(A)].
Intercellular immunolabelling in lens epithelium. In this
study detected a progressive increase in intercellular
CSPG immunolabelling in the lens primordium
epithelium was detected. Whilst during the lens
placode stage [Fig. 1(A)], there was barely any CSPG
expression inside the placodial epithelium, at the start
of invagination there was a signi®cant increase in
intercellular immunolabelling [Fig. 1(B) and (C)]
which continued into later stages. Once lens vesicle
formation had taken place, CSPG immunolabelling
became considerably more intense at the posterior
epithelium level of the lens vesicle [Fig. 1(D±F)]. Inter-
cellular CSPG expression was seen to behave similarly
in the optic vesicle epithelium. Once again, a notable
increase in immunolabelling took place, coinciding
with the start of the optic vesicle invagination process
leading to the formation of the optic cup (Fig. 1).
Immunolabelling in the fusion region of the lens placode
edges. Coinciding with the approximation and fusion of
the lens placode edges, observation was made of a local
increase in intercellular CSPG immunolabelling in the
fusion and lens stalk regions, not seen in the rest of the
future lens vesicle's anterior epithelium [Fig. 1(D) and



FIG. 2. Comparison of the lens primordium control embryos of 16±17 H.H. stages and embryos at the same stages treated
with b-D-xyloside. Note the sharp decrease in CSPG immunolabelling among embryos treated with b-D-xyloside (B) with respect
to control (A). The haematoxylin-eosin stained histological sections of 17 H.H.-stage chick embryo lens primordium show
alterations induced by treatment with b-D-xyloside (D±G)], compared with control embryos (C) in which the lens primordium
has reached the lens vesicle phase. In embryos treated with b-D-xyloside it is possible to observe different degrees of alteration,
ranging from total absence of lens placode invagination (D), partial invagination (E and F), or disruptions in fusion of the edges
(G). Bar in (A) and (B) � 23 mm. Bar in (C), (D), (E), (F) and (G) � 25 mm.
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(E)]. This increased CSPG expression was a transitory
process, since it disappeared once the edges of the lens
placode had joined together and immunolabelling
intensity became uniform in the whole of the anterior
lens epithelium [Fig. 1(F)].
Effect of CSPG Synthesis Disruption or Enzymatic
Digestion on the Invagination and Fusion of the Lens
Placode

In order to ascertain the role of the CSPG during
lens vesicle formation, initially the synthesis of this
proteoglycan was disrupted by means of `in ovo'
subgerminal administration of b-D-xyloside, a com-
pound which disrupts the synthesis of sulphated
proteoglycans, not only preferentially CSPG but also
HSPG (Sobue et al., 1987; Lugenwa and Esko, 1991).
The control group was injected with a sterile Ringer
solution or with a solution of a-D-xyloside (an inactive
anomer of b-D-xyloside). Secondly, to ensure that the
effect of b-D-xyloside is exclusively the result of
interference in CSPG synthesis, the authors conducted
`in vivo' enzymes digestion with speci®c glycosidases,
chondroitinase AC for CSPG and heparinase II for
HSPG.
b-D-xyloside treatment. CSPG immunolabelling
showed the effectiveness of b-D-xyloside in CSPG
synthesis disruption in the lens anlage. The group of
control embryos showed a normal degree of lens
development and a CSPG expression pattern similar to
that already mentioned in connection with the lens
vesicle [Fig. 2(A)]. However, embryos treated with b-
D-xyloside [Fig. 2(B)] showed, apart from morphologi-
cal alterations in invagination and fusion, notable
CSPG depletion throughout the entire lens primor-
dium, and only slight CSPG immunolabelling was
apparent at the basal lamina level of the posterior
epithelium. These ®ndings demonstrate that treat-
ment with b-D-xyloside considerably reduces the CSPG
synthesis capacity of the lens primordium although
also detected was a reduction in the expression of
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HSPG present in the basal lamina of the lens
primordium (not shown).

The results show that treatment with b-D-xyloside,
administered prior to the appearance of the lens
placode, does not alter its formation, suggesting that
CSPG/HSPG plays no important role in this process.
Nevertheless, whilst lens primordium development
was normal amongst control embryos [Fig. 2(C)], it
was observed that in all the embryos treated with b-D-
xyloside notable alterations took place in lens primor-
dium invagination and fusion [Fig. 2(D), (E) and (G)];
these alterations were bilateral in most cases. Three
different disruption patterns were encountered in lens
primordium morphogenesis, induced by b-D-xyloside.
In the most affected embryos the lens primordium was
at the lens placode stage, barely showing signs of
having commenced the invagination process
[Fig. 2(D)]; yet the lens epithelium appeared, as a
result of its size, to have continued growing. Among a
second group of embryos treated with b-D-xyloside, the
invagination process had started but its development
was abnormal, with only slight growth of the anterior
epithelium and a wide anterior opening of the lens
vesicle, suggesting that there had been a break in the
mutual approximation of the edges of the primordium
[Fig. 2(E) and (F)]; in addition, a ¯attering in the
curvature of the posterior epithelium with respect to
the control embryos was observed [Fig. 2(C)], charac-
teristic of this stage of development. In the last group of
embryos treated with b-D-xyloside disruptions were
less evident; the lens placode edges did not come into
contact and a small lens pore persisted [Fig. 2(G)], or
contact was not effective enough to bring about the
fusion of the edges. As in the previous group, anterior
epithelium growth was seen to be less than among
control embryos.

Enzymatic digestion. With a view to ascertaining
whether the alterations induced by b-D-xyloside were
the result of interference in CSPG synthesis, enzymatic
digestion was conducted with chondroitinase AC and
type II heparinase of the two proteoglycans (CSPG and
HSPG) present during lens vesicle formation and
possibly affected by the b-D-xyloside.

In the embryos microinjected with chondroitinase
AC, the lens primordium (right) showed alterations in
the invagination and fusion processes similar to those
described when treatment with b-D-xyloside was
performed. Among the most affected embryos, the
lens primordium remained at the placode stage
[Fig. 3(A)], whilst in other cases invagination con-
tinued but did not come to completion [Fig. 3(B)]. On
the control side (left), invagination took place
normally (not shown). The effectiveness and speci-
®city of the enzyme treatment was tested by CSPG
immunolabelling. In the lens primordia microinjected
with chondroitinase AC, expression of CSPG was
severely diminished [Fig. 3(C)], whereas there was no
alteration in HSPG expression (not shown).
Microinjection with type II heparinase brought
about no evident alterations in invagination and
fusion [Fig. 3(D)], and the morphology of the treated
lens primordium (right) was similar to that of the
control (left). Immunolabelling with anti-HSPG anti-
body revealed a clear reduction in HSPG on the
treated side [Fig. 3(F)] with respect to the control side
which showed an intense immunolabelling on the
basal lamina of lens vesicle [Fig. 3(E)]. In the embryos
microinjected with type II heparinase, no alteration in
CSPG expression was perceived (not shown), which
demonstrates the speci®city of this enzyme on HSPG
digestion.
4. Discussion

Our ®ndings demonstrate that there are speci®c
variations in CSPG expression from the appearance of
the lens primordium up to the formation of the lens
vesicle. We have shown that during lens vesicle
formation CSPG is present in four different locations:
(1) a cell coat covering the apical surface of the lens
primordium cells; (2) on the basal lamina of the lens
placode and vesicle; (3) in the intercellular spaces of
the lens epithelium; and (4) in the fusion and lens
stalk regions. The expression pattern of CSPG and
especially its intercellular and apical positioning,
suggest that the lens epithelial cells are the ones
responsible for its secretion. In this regard it has been
demonstrated that the embryonic ectoderm and
certain epithelia derived from it have the capacity to
synthesize and secrete this proteoglycan (Fichard et
al., 1991; Gato et al, 1993; Alonso et al., 1998a). In
addition, interference in CSPG expression produces
absence or abnormal invagination and defects in the
fusion of the lens placode edges, suggesting that CSPG
plays an important role in early lens morphogenesis.
Although b-D-xyloside may disrupt CSPG and HSPG
synthesis, alterations induced by b-D-xyloside were
reproduced only by chondroitinase AC and not by
type II heparinase; this would enable us to attribute
the effects of the b-D-xyloside to interference in the
CSPG synthesis.

The presence of CSPG covering the apical surface of
the lens placode cells suggests the existence of a `cell
coat' which continues up to the lens vesicle stage
particularly in the posterior epithelium. It has been
postulated (Van Rybroek and Olson, 1981; Yao et al.,
1996.) that an apical `cell coat' rich in glycoconju-
gates might play a signi®cant role in lens epithelium
invagination. Moreover, it was shown that, in
Aphakic strain mice with alterations in the composi-
tion of the apical `cell coat' glycosaminoglycans there
are serious defects in early lens development (Zwaan
and Webster, 1984). It is not known how these
covering glycoconjugates are able to intervene in epi-
thelial invagination, although it has been suggested
that these molecules may bind and concentrate large
amounts of Ca�� near the apical surface of the



FIG. 3. Effect of speci®c glycosidase digestion on lens vesicle formation. Haematoxilin-eosin stained histological sections [(A)
and (B)] of 16 H.H.-stage chick embryos lens primordium show alterations induced by digestion with chondroitinase AC. CSPG
immunolabelling of a similar section shows the effectiveness of this enzymatic treatment (C); compare this image with [Fig. 1(E)
and (F)]. Lens vesicle formation is not disrupted by type II heparinase treatment (D). The normal pattern of HSPG
immunolabelling in a control lens vesicle (left eye anlage) is shown in (E) and the effectiveness of type II heparinase treatment
can be observed in (F) (right eye anlage). Bar in (A) and (B) are common (25 mm). Bars in (C) and (D) � 25 mm. Bar in (E) and
(F) are common (25 mm).
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above-mentioned cells and activate contraction of the
apical micro®laments involved in cell form changes
(Yang and Hilfer, 1982; Slepecky and Chamberlain,
1985; Turley, Brassel and Moore, 1990).

In addition, the presence of intense CSPG immu-
nomarking on the basal lamina of the lens primor-
dium during the entire study period has been
demonstrated. This could be related to its invagina-
tion since the drastic reduction in CSPG on the basal
lamina induced by b-D-xyloside or chondroitinase AC,
but not by type II heparinase, was accompanied by
serious defects in lens primordium invagination. In
this regard, it has been shown that proteoglycans
present in the basal lamina, play an important role in
the invagination of numerous embryonal epithelial
primordia (Klein et al., 1989; Gerchman et al., 1995;
Toriyama et al., 1997; Moro-BalbaÂs et al., 2000). It
has been suggested that the basal lamina might
favour the establishing of connections between the
cellular cytoskeleton and the extracellular matrix
(Goetinck 1991; Jalkanen, Jalkanen and Bern®eld,
1991), which would lead to changes in cell form,
thereby conditioning epithelial invagination. In later
stages of development, when the lens ®bres can begin
to be differentiated, it has been shown that basal
lamina proteoglycans assume an important role in
regulating the processes of cellular replication, cell
migration and the subsequent differentiation of the
lens ®bres; this is due to the fact that the lens capsule
proteoglycans intervene in the storing and activation
of ®broblast growth factor 2, modulating its bioavail-
ability (Zwaan and Webster, 1984; Haloui et al.,
1988; Chamberlain and McAvoy, 1997).

In addition, it was observed that basal lamina CSPG
in the lens vesicle diminished and even disappeared in
the regions where contact was made with the edges of
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the optic cup. The in¯uence exerted by these edges on
differentiation of the lens ®bres has been reported
(Tripathi et al., 1991; Wride, 1996), and it is possible
that the disappearance or diminishing of CSPG in this
region favours contact between both structures and
facilitates some in¯uence of the optic cup edges on the
lens primordium at this stage of development.

In this study the authors have shown that
intercellular CSPG increases progressively during the
invagination process of the lens epithelium and their
experimental reduction brings about serious disrup-
tions in this process. CSPG intercellular localization
was previously described by Peterson et al. (1995) in
macaca mulata embryos; however, in this species
intercellular CSPG disappears in the lens vesicle
phase, unlike what occurs in chick embryos. The
large hydrophilic capacity of proteoglycans in bio-
logical solutions has already been reported (Comper
and Laurent, 1978; Comper and Zamparo, 1990) and
it has been suggested that they produce a volume
increase in the intercellular spaces which favours
epithelial ¯exibility and consequently facilitates inva-
gination as has been demonstrated in neural plate
(Schoenwolf and Fisher, 1983; Morris-Kay and
Tuckett, 1989; Alonso et al., 1998a) and otic
primordium (Gerchman et al., 1995) invagination.
In these primordia maximum folding regions have
been described in which abrupt changes in epithelial
direction take place (Meier, 1978; Hilfer, Esteves and
Sanzo, 1989; Schoenwolf and Smith, 1990). In this
sense, on the lens placode, regions of maximum
folding appear in the equatorial area which coincides
with an increase in intercellular CSPG expression.
Moreover, experimental alteration in CSPG expression
induced by us produced in many cases signi®cant
defects in lens placode invagination.

In some b-D-xyloside and chondroitinase AC treated
embryos, lens primordium invagination did take place
but, as mentioned above, there appeared to be
defective fusion of the edges. At this level there was
a transitory increase in CSPG immunolabelling
intensity, coinciding with the fusion process and
lens stalk formation. This suggests that CSPG might
play a role in the recognition and adherence of the
edges of the lens placode. In this regard it was
demonstrated that glycoproteins are present in the
intercellular matrix interposed between the edges of
the lens placode during its apposition (Van Rybroek
and Olson, 1981; Yao et al., 1996). Similarly, the
presence of a matrix rich in glycoconjugates inter-
posed in the epithelial fusion region was also reported
during the fusion of other embryonal primordia such
as the neurla tube (Smits-van-Prooije et al., 1986;
Trasler and Morriss-Kay, 1991) and the palate
(MartõÂnez-Alvarez et al., 2000). What is more, in
the case of the neural primordium, experimental
evidence showed that disruption in the synthesis or
enzyme degradation of the proteoglycans seriously
alters the fusion process (Morris-Kay and Crutch,
1982; Morris-Kay and Tuckett, 1989; Alonso et al.
1998b).

To conclude, this paper offers experimental evi-
dence that the CSPG present during the early stages of
lens morphogenesis is involved in epithelial invagina-
tion and fusion leading to lens vesicle formation in
chick embryos. The importance of sulphated proteo-
glycans in the very early stages of this primordium's
development indicates that further studies should be
carried out in order to clarify the role of these
molecules at other stages of lens morphogenesis in the
immediately subsequent phases.
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