
Regulation of Epiblast Cell Movements by Chondroitin
Sulfate During Gastrulation in the Chick
DAVID R. CANNING,* TANEEM AMIN, AND ETHAN RICHARD
Department of Biological Sciences, Murray State University, Murray, Kentucky

ABSTRACT Avian gastrulation is depen-
dent on the ingression of outer layer cells into
the interior of the embryo by means of a tran-
sient structure referred to as the primitive
streak. As the growing streak progresses through
the central area pellucida of the blastoderm, se-
lective de-epithelialization of epiblast cells re-
sults in the initial migratory cells of the primi-
tive mesoderm and endoderm. Here, we have
examined the possibility that extracellular ma-
trix molecules of the epiblast basal lamina influ-
ence the selection of streak-specific epiblast
cells. By using whole embryo culture, we have
found that removal of chondroitin sulfate glycos-
aminoglycans at gastrulation stages leads to de-
fective streak formation. In situ hybridization
with streak-specific markers in these embryos
reveals ectopic patterns of gene expression,
suggesting that differentiation of primitive
streak precursors in the pregastrula epiblast is
independent of normal streak morphogenesis.
In addition, in vitro assays with chondroitin
sulfate containing matrices suggest that spe-
cific cells of the epiblast are inhibited from
joining the streak during gastrulation. Taken
together, these results indicate that the pres-
ence of chondroitin sulfate in the epiblast basal
lamina facilitates the allocation of cells to the
primary germ layers by preventing ectopic axis
formation. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Gastrulation in avian embryos is mediated by the
formation of a transient structure called the primitive
streak. The streak acts as a focal point for the inter-
nalization of cells with mesodermal and endodermal
fates, concomittant to marking the future cranio-cau-
dal axis of the embryo. Although much is known about
where the streak will form in the avian embryo (Bach-
varova et al., 1998; Khaner, 1998; Stern, 1990), the
cellular mechanisms responsible for its propagation
remain unclear.

The primitive streak originates at the posterior of
the avian embryo; (see Bellairs, 1986, for review). Be-
fore the streak forms, cleavage of the telolecithal egg
results in a flat, roughly radially symmetrical blasto-

derm composed of two distinct regions: A central cellu-
lar bilayer, the area pellucida, surrounded by a thick-
ened ring of cells referred to as the area opaca. From
the area pellucida bilayer, the dorsal epiblast gives rise
to all the tissue types of the embryo, with the ventral
hypoblast forming just extra-embryonic tissues. The
initiation of gastrular ingression from the epiblast co-
incides with head-to-tail polarization of the blasto-
derm. Under influences from the posterior marginal
zone (PMZ) of the epiblast and hypoblast (Stern, 1990;
Bachvarova et al., 1998; Khaner, 1998), the first streak
cells accumulate at the posterior of the area pellucida.
Following the midline of the embryo, the aggregate of
streak cells elongates into the central area pellucida
epiblast (CAPE) recruiting epiblast cells to de-epithe-
lialize in their wake. This process, referred to as poly-
ingression, converts epiblast cells to migrating mesen-
chymal cells that ultimately constitute the middle and
ventral embryonic cell layers at the end of gastrulation.
Subsequently, the internalized cells follow cytodiffer-
entiation pathways leading to all the mesodermal and
endodermal cell types of the embryo, whereas the re-
maining cells of the epiblast become ectodermal and
neural tissues.

The appearance of the primitive streak during gas-
trulation represents an early divergence in embryonic
cell fates where sets of epiblast cells are allocated to the
primary germ layers. However, fate mapping experi-
ments on various regions of the pregastrula CAPE only
show a loose correlation between sets of neighboring
cells and their individual fates (Vakaet, 1970, 1984;
Psychoyos and Stern, 1996). This “fuzziness” of the
different embryonic fields in the epiblast seems to be
due to extensive cell mixing within the CAPE before
ingression is initiated (Hatada and Stern, 1994). In
addition, there is evidence that the CAPE contains
mixtures of cells with differing propensities to either
join the streak or differentiate into mesodermal cell
types (Canning and Stern, 1988; Stern and Canning,
1990; George-Weinstein et al., 1994, 1996, 1997; De-
Luca et al., 1999).
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The heterogeneic composition of CAPE cell types,
and their seemingly disordered movements before gas-
trulation, raises the question, How is it decided which
epiblast cells de-epithelialize with the streak and
which remain in the epiblast? A potential candidate for
regulating cell sorting during streak propagation
through the CAPE may be the maturing epiblast basal
lamina. The basal lamina forms early in development
(stages XI–XIII) and is completed just before streak
initiation (Bellairs, 1986). When fully formed, the basal
lamina is a mixture of laminin, fibronectin, entactin,
hyaluronic acid, heparan sulfate, and chondroitin sul-
fate proteoglycans (Sanders, 1979; Vanroelen et al.,
1980c; Sanders, 1982; Harrisson et al., 1984, 1985b;
Van Hoof et al., 1986; Zagris et al., 1993). The matu-
ration of the basal lamina is thought to be responsible
for inhibiting the de-epithelialization of primary hypo-
blast cells (Harrisson et al., 1991) ingressing from the
CAPE at stages XI–XIII. If this is the case, it is possible
that a similar function of the epiblast basal lamina may
be extended to the period when CAPE cells are selected
to join the streak (stage XIV and beyond).

Several studies have described the distribution of
extracellular matrix (ECM) molecules in the early
chick blastoderm and implicated their role in directing
cell movements during gastrulation (England, 1981;
Duband and Thiery, 1982; Van Hoof et al., 1986; Sand-
ers and Chokka, 1987; Brown and Sanders, 1991; Har-
risson, 1993; Harrisson et al., 1993). In addition to
maintaining the integrity of the epiblast epithelium,
specific molecules of the basal lamina are believed to
act as adhesive substrates for migrating cells. For in-
stance, laminin (Bortier et al., 1989; Zagris and Chung,
1990) along with fibronectin and entactin (Duband and
Thiery, 1982; Sanders, 1982; Raddatz et al., 1991; Za-
gris et al., 1993), form an adhesive matrix facilitating
the migration of ingressed streak cells along the ven-
tral surface of the CAPE (Harrisson et al., 1984; Brown
and Sanders, 1991). What roles these molecules play in
directing ingression at the primitive streak is un-
known, because the blocking of at least fibronectin
function does not stop primitive streak formation
(Brown and Sanders, 1991; Harrisson et al., 1993).

In addition to ECM adhesive glycoproteins, the chick
epiblast is known to also contain a variety of glycos-
aminoglycans. Traditionally, this class of molecules
have been considered to play a purely structural role in
maintaining the general integrity of the ECM, without
having a direct bearing on the differentiation of cell
types. However, it is becoming clear that different
types of proteoglycans, along with their glycosamino-
glycan chains, have distinctive properties affecting dif-
ferentiation pathways in a variety of developmental
systems (Esko, 1991; Toole, 1991; Wight et al., 1992;
Rapraeger and Ott, 1998). For instance, proteoglycans
of the heparan sulfate class can act as receptors to
various families of growth factors including wnt (Brick-
man and Gerhart, 1994; Itoh and Sokol, 1994; Tsuda et
al., 1999), TGF (Massague et al., 1992; Raab et al.,

1996), and FGF (Gould et al., 1995; Niu et al., 1996;
Walz et al., 1997; Dealy et al., 1997; Cotman et al.,
1999; Lin et al., 1999). In contrast, chondroitin sulfate
proteoglycans have properties that are thought to in-
hibit cell adhesion. During neural crest migration,
chondroitin sulfate-bearing proteoglycans deflect cells
from adhesive matrices in crest pathways (Perris and
Johansson, 1990; Oakley et al., 1994; Henderson and
Copp, 1997; Henderson et al., 1997; Kubota et al.,
1999). Similarly, the growth cones of axons have been
shown to avoid chondroitin sulfate containing matrices
(Snow et al., 1991; Brittis et al., 1992; Canning et al.,
1993b, 1996; Brittis and Silver, 1994). The mechanisms
by which chondroitin sulfate proteoglycans effect these
systems at the cellular level are unclear. However,
there are indications that chondroitin sulfate proteo-
glycans mediate their effects by directly regulating in-
tegrin dependent interactions with the ECM or effect-
ing individual cell differentiation (Dow et al., 1988;
Yamagata et al., 1989; Snow et al., 1990, 1991; Brittis
et al., 1992; Canning et al., 1993a, 1996; Oakley et al.,
1994; Henderson and Copp, 1997; Condic et al., 1999).

In the present study, we have tested the potential
inhibitory role of chondroitin sulfate on cell migrations
during formation of the primitive streak in the chick
embryo. We have found that enzymatic removal of
chondroitin sulfate glycosaminoglycans during the pe-
riod of gastrulation affects normal morphogenesis of
the streak. Our results indicate the chondroitin sulfate
of the epiblast basal lamina serves to regulate cell
differentiation by inhibiting ectopic mesendoderm dif-
ferentiation and influencing cell recruitment to the
primitive streak.

RESULTS
Evaluation of the Technique of Removing
Polysaccharides in Whole Embryo Culture

If polysaccharide moieties are essential for unper-
turbed avian embryonic development then it can be
expected that their complete removal would have dras-
tic affects on morphogenesis. To ascertain the optimal
dose at which enzymatic removal of chondroitin sulfate
affected development without killing the embryo, we
performed dose-response experiments with chondroitin
sulfate degrading enzymes and compared these with
control enzymatic treatments. Groups of stage XIV em-
bryos (n . 12) were cultured in the presence of various
doses of protease free enzymes to degrade chondroitin
sulfate, heparan sulfate, hyaluronic acid, and polysialic
acid. In addition, a further set of embryos were treated
with a modified analog of xylose to block total glycos-
aminoglycan chain addition (see Experimental Proce-
dures section). After culture, embryos were placed into
three broad categories according to observed effects on
development: normal (i.e., normal expansion of the
blastoderm with production of a well-defined primitive
streak); abnormal development (normal expansion of
blastoderm with defective streak production); and dis-
integration of the embryo (failure of blastoderm expan-
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sion and/or extensive cell death, i.e., . 100 trypan blue
included CAPE cells). Each enzyme preparation was
tested for protease activity (see Experimental Proce-
dures section) and only those with no detectable pro-
tease activity were used.

Treating embryos with heparanase (over 0.1 units)
or blocking total glycosaminoglycan side chain addition
with a modified xylose analog (over 0.1 units) severely
affected blastoderm development. Embryos treated
failed to develop (no blastoderm expansion) and were
arrested at stage XIV or blastoderm integrity was com-
promised with extensive cell death. In contrast, treat-
ment of embryos with chondroitinase had a more
graded effect on mortality numbers of cultured blasto-
derms. Chondroitin sulfate is normally expressed in
the basal lamina of the epiblast from stages XII to
postgastrulation stages (see Fig. 2). At relatively low
doses of chondroitinase AC or ABC lyase (0–0.25
units), embryos developed normally with expansion of
the area opaca and primitive streak formation compa-
rable to control (nontreated) cultures. At the high end
of the dose range used (1–5 units), the majority of
blastoderms disintegrated with extensive cell death. In
an intermediate dose range (0.5–0.75 units), the ma-
jority of embryos survived, with blastoderm expansion
comparable to controls and little or no cell death, but
with specific defects in gastrulation. To test for the
extent of removal of chondroitin sulfate, embryos
treated with 0.6 units of chondroitinase during culture
were sectioned and immunolabelled with mab CS56
that specifically detects chondroitin-6-sulfate epitopes.
We found that chondroitin sulfate was undetectable in
these embryos when compared with controls embryos
treated with saline or denatured enzyme doses (not
shown).

In addition to cleaving chondroitin linkages, chon-
droitinase AC and ABC lyases have varying degrees of
hyaluronidase activity at near neutral pH (Koshiishi et
al., 1998). Because hyaluronic acid is found extensively
in the extracellular space of the blastoderm, the resid-
ual effect of hyaluronidase activity of chondroitinases
was considered to parse out the specific effects of chon-
droitin sulfate removal. Stage XIV blastoderms incu-
bated in streptomyces hyaluronidase at concentrations
of up to two units did not show any defects in primitive
streak formation when compared with control un-
treated embryos. Beyond stage 3, some compaction of
the lateral plate mesoderm was observed as previously
reported (Van Hoof et al., 1986). This finding was most
likely due to reduction in the hydrated volume space
filling properties of hyaluronic acid in addition to re-
moval of cell-surface bound hyaluronic acid from mi-
grating cells. To further test if reduction in hydrated
spaces may affect ingression of streak cells from the
epiblast, we treated embryos with comparable levels of
neuraminidase to cleave polysialic (PSA) from embry-
onic forms of NCAM. NCAM is normally expressed in
the prospective neural plate region and primitive
streak cells (Keane et al., 1988). At all doses tested,

removal of polysialic acid residues had little, or no
effect on viability of embryos with no observable defects
in gastrulation. Therefore, we can conclude that devel-
opmental defects resulting from chondroitinase treat-
ment, in the dose range of 0.5–0.75 units, are due to
the specific degradation of chondroitin sulfate chains,
even though the enzyme maybe simultaneously de-
grading some of the hyaluronic acid present in the
blastoderm.

Early Selective Removal of Chondroitin Sulfate
Results in Failure of Primitive Streak
Formation

Because treating embryos with chondroitinase (in
the dose range of 0.5–0.75 units) allowed for continued
blastoderm development, we were able to characterize
the affects resulting from selective removal of chon-
droitin sulfate during gastrulation. In this series of
experiments, stage XII, XIII, and XIV embryos were
treated with 0.6 units of chondroitinase AC lyase and
cultured until controls reached stage 4 (10–16 hr after
treatment). The posterior area opaca of each embryo
was marked with carmine, and reference images taken
of each embryo at the beginning of the culture period to
allow for future orientation of the blastoderm.

Treatment of stage XII embryos with chondroitinase
led to defects in gastrulation (Table 1; Fig. 1). Gener-
ally, embryos failed to form distinct primitive streaks
emanating from the posterior of the area pellucida
epiblast. Some embryos did show the formation of mid-
dle layer cells in more central regions of the epiblast,
or ectopic aggregations of cells in the marginal zone
(Figs. 1, 2).

Removal of chondroitin sulfate from stage XIII em-
bryos produced similar abnormalities to those observed
from stage XII embryos, but with an increased number
producing ectopic ingression in the CAPE. Ectopic in-
gression sites and failure of primitive streak formation
were also present in embryos treated at stage XIV.
However, a different type of abnormality was observed
in stage XIII and XIV embryos not observed in treated
stage XII embryos. A small number of stage XIII (7%)
and larger number of stage XIV embryos (17%) devel-
oped duplicate primitive streaks (Fig. 1). Sections of
these embryos showed that the ectopic sites of ingres-
sion contained HNK-1-positive cells, characteristic of
normal primitive streak formation (Fig. 1J,K).

Ectopic Sites of Ingression Are Induced During
Gastrulation

In this series, the effect of removing chondroitin sul-
fate from embryos that had already formed a primitive
streak was examined. Although the anterior extension
of the primitive streak is a continual process, it can be
viewed as having three distinct stages. Stage 2: This
stage corresponds to the initiation of gastrulation
where cells of the epiblast are just beginning to ingress
into the interior of the blastoderm at the midline of the
PMZ. At this time, the normal head-tail polarity has
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been fixed. Stage 3: The primitive streak appears as a
thickened rod of cells in the midline of the embryo,
emanating from the PMZ. The length of the streak is
variable, from one-fifth to halfway into the CAPE, cor-
responding to its gradual elongation. Cells of the epi-
blast are recruited into the streak and begin their
migrations into the interior of the embryo. Stage 4: The
primitive streak has reached maximal extension into
the CAPE. At this time, a distinct primitive groove
forms along the midline, with a well-defined node at
the anterior tip of the streak corresponding to polyin-
gression along the length of the streak and through the
node.

Treatment of stage 2 embryos with chondroitinase
led to distinct abnormalities in primitive streak prop-
agation and elongation (Table 1; Fig.1). Again, as was
the case in pregastrulation embryos (stage XII–XIV),
ectopic sites of ingressing cells were observed in the
CAPE region and MZ. In some embryos the posterior of
the streak lost continuity with the PMZ, remaining as
a distinct thickened rod in the CAPE (Fig. 2M). Even
though an initial streak was present at the time of
treatment, some of these early streak embryos were
able to produce an additional secondary axis (Fig. 1).

Removal of chondroitin sulfate from stage 3 embryos
also led to abnormalities in streak propagation. In con-
trast to earlier stages, relatively fewer embryos exhib-
ited isolated ectopic ingression sites from the MZ,
whereas more demonstrated ectopic ingression in the
CAPE region anterior to the primitive streak. The es-
tablishment of a definitive streak at the start of the
treatment led to fewer embryos with axial duplication,
but some showed ectopic streaks associated with the
original streak (e.g., Fig. 2O). A major abnormality
noted at this stage was lack of cell recruitment to the
posterior primitive streak. A total of 46% of embryos
displaying abnormalities showed continued persistence
of the original streak that lost continuity with the PMZ
(Fig. 2N). This finding would be indicative of cells fail-
ing to join the posterior of the streak during elongation
into the CAPE.

Expression of Streak Markers After Removal of
Chondroitin Sulfate

Because removal of chondroitin sulfate from pregas-
trula stage blastoderms resulted in abnormal primitive
streak morphogenesis, we asked if the differentiation
of epiblast cells into primitive streak cell types had also
been perturbed. We selected three probes, cWnt-8C,
cBra, and HNK-1, to detect the presence of epiblast
cells normally fated to become members of the early
primitive streak. Each of these markers have different
but overlapping patterns of expression in the epiblast
before and during gastrulation. cWnt-8C expression
begins at stage X–XI by isolated cells in the marginal
zone epiblast and subsequently becomes restricted to
the epiblast immediately anterior to the PMZ (Hume
and Dodd, 1993). The primitive streak expresses
cWnt-8C along its length with the exception of the
anterior tip, until stage 4 when expression includes
Hensen’s node and migrating lateral mesoderm (Fig.
2C). Similarly, cBra, the chick homolog of mouse
Brachyury (T), is initially expressed by epiblast cells at
the posterior of the CAPE (st XIII) and then by all
mesoderm cells as they ingress through the primitive
streak up to the full length streak stage (Kispert et al.,
1995; Knezevic et al., 1997). Unlike cWnt-8C, cBra
expression is lost from cells as the migrate laterally
away from the streak (Fig. 2D). The monoclonal anti-
body HNK-1 detects an epitope expressed by scattered
epiblast cells of the stage XIV CAPE (Fig. 2K). These
HNK-1-positive cells have been shown to selectively
join the streak as the primitive streak forms and elon-
gates into the CAPE (Canning and Stern, 1988; Stern
and Canning, 1990). The epitope is expressed by prim-
itive streak cells up to stage 3, after which it is gradu-
ally lost from migrating middle layer cells.

Removal of chondroitin sulfate from stage XII em-
bryos prevented the expression of cWnt-8C, but not
cBra. 6/13 stage XII embryos tested positive for cBra
expression with 0/12 testing positive for cWnt-8C at the
end of the culture period. Of the treated embryos tested
for cBra, the general pattern of expression was found to

TABLE 1. Abnormalities in Blastoderm Development Produced by Removal of Chondroitin Sulfatea

Parameter
Stage XII Stage XIII Stage XIV Stage 2 Stage 3
n % n % n % n % n %

Stage treated with chondroitinase
Normal development 9 23 7 13 8 12 7 17 17 26
Degenerated 3 8 5 9 6 9 3 7 3 5
Viable embryos with defects 27 70 42 78 52 79 32 76 46 70
Total embryos 39 — 54 — 66 — 42 — 66 —

Categorization of abnormalities n % n % n % n % n %
Absence of streak 14 52 10 24 12 23 0 0 0 0
Absence of posterior aspect of streak 0 0 3 7 4 8 9 28 21 46
Ectopic ingression at MZ 7 26 10 24 14 27 8 25 8 17
Ectopic ingression in CAPE 6 22 16 38 17 32 14 44 23 50
Formation of supernumary streak 0 0 3 7 9 17 7 22 5 11

aMZ, marginal zone; CAPE, central area pellucida epiblast.
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Fig. 1. Removal of chondroitin sulfate from pregastrula stage em-
bryos. A: Failure of primitive streak formation after chondroitinase treat-
ment on stage XII (st XII) embryo cultured for 12 hr. Two independent
sites of ingression can be seen in the central area pellucida epiblast
(CAPE; arrows). B: Stage XIII embryo treated with chondroitinase and
cultured for 12 hr. Ectopic ingression of cells in CAPE is visible as a long
band in the CAPE (arrow) without primitive streak formation from the
posterior marginal zone (PMZ). C: Stage XIII embryo cultured for 12 hr
after chondroitinase treatment. Ectopic ingression sites in the CAPE
formed from this stage often form structures resembling duplicate prim-
itive streaks (arrows) lacking continuity with the PMZ. D: Stage XIV
embryo treated with chondroitinase; shown at the beginning culture pe-
riod. hyp, anterior margin of hypoblast. The primitive streak would nor-
mally form in the direction from the PMZ toward the anterior margin of the
hypoblast. E: After 4 hr, the embryo in C has formed an ectopic ingres-
sion site (top arrow) from the lateral marginal zone (LM), and an ectopic

ingression site from the CAPE (bottom arrow). F,G: with further devel-
opment the normal and ectopic ingression sites are lost from the marginal
zone, leaving isolated ingression sites in the CAPE. H: Formation of two
primitive streak emanating from the left and right marginal zones as a
result of chondroitin sulfate removal from a stage XIV embryo. I: Dupli-
cate streaks (arrows) formed from a stage 2 embryo after chondroitin
sulfate removal. Both streaks are formed from a localized region close to
the PMZ. J: Transverse section labelled with HNK-1 (dark stain; arrows)
through the CAPE region of stage XIV embryo treated with chondroitinase
and cultured for 12 hr. Aggregates of ingressed cells have formed from
opposite sides of the marginal zone leading into the CAPE. K: Control
embryo cultured from stage XIV for 12 hr, transverse section labelled with
HNK-1. Positive cells are found associated with the single ingression site
of the primitive streak (ps). Original magnifications, 360 for A–I, 3200 for
J,K.
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Fig. 2. A: Transverse section of stage XIV central area pellucida
epiblast (CAPE; EP, epiblast) labelled with CS56 showing presence of
chondroitin sulfate in the basal lamina (BL). The section was taken
slightly oblique to the dorsal-ventral axis to maximize exposure of the
basal lamina beneath the epiblast. B: Stage 4 embryo, transverse section
labelled with CS56. Chondroitin sulfate can be seen as a fine line of
labelling in the basal lamina (BL) beneath the epiblast (EP) lateral to the
primitive streak, but not at the site of the streak (PS). C: Stage XIV control
embryo cultured to stage 4, showing normal expression of cWnt-8C.
D: Stage XIV control embryo cultured to stage 4, showing normal ex-
pression of cBra. E: Mis-expression of cBra in embryo treated with
chondroitinase at stage XIII and cultured for 10 hr. cBra expressing cells
are found scattered throughout the CAPE with localized concentrations
near the MZ. F: Individual ingression site of cells expressing cBra in the
CAPE of an embryo treated with chondroitinase. G: Expression of
cWnt-8C in embryo treated with chondroitinase at stage XIV and cultured
for 12 hr. Although cWnt-8C is expressed by cells near the PMZ (bottom
arrow), a separate set of cells express cWnt-8C in the CAPE (top arrow).
H: Ectopic expression of cBra by stage XIV embryo treated with chon-
droitinase and cultured for 12 hr. Two distinct regions of cBra expression
can be seen in the CAPE, neither of which is associated with the PMZ.
I: Transverse section of embryo treated with chondroitinase at stage
XIII showing focal ingression sites of cBra expressing cells (arrows).

J: Section of CAPE region of a stage XIV treated with chondroitinase
during culture. Multiple cells expressing cWnt-8C can be seen in the
epiblast associated with ingression sites (arrows). K: Stage XIV CAPE
explant labelled with HNK-1 antibody, showing the mixture of positive
and negative cells present in the CAPE before the onset of gastrula-
tion. L: Transverse section through stage XIV embryo treated with chon-
droitinase showing disruption in normal ingression of HNK-1-positive
cells (dark label), compare with Figure 1K. Focal regions of ingressing
HNK-1-positive cells (arrows) can be seen surrounding a large aggregate
of HNK-1-negative cells (counterstained blue). M: cBra expression by
embryo treated with chondroitinase at stage 3. The primitive streak has
lost continuity with the PMZ. Collections of cBra expressing cells are seen
in the CAPE anterior to the streak. N: cWnt-8C expression by stage 3
embryo treated with chondroitinase. In this embryo, there is a complete
loss of cWnt-8C expression by the posterior of the streak, with cWnt-8C
expression being confined to the anterior tip of the streak which
appears to be duplicated into two separate aggregates of cells in the
CAPE. O: cWnt-8C expression by embryo treated with chondroitinase at
stage 3. The anterior of the primitive streak has developed a primitive
groove characteristic of a stage 4 primitive streak. The posterior of the
streak is absent; a new re-polarization of cWnt-8C expressing cells has
formed from the lateral MZ. Original magnifications, 3360 for A, 3100 for
B,F,I,J,K, 340 for C,D,E,G,H,M,N,O, 380 for L.



be individual clusters of cells in the CAPE, with no
observable relationship to the midline of the area pel-
lucida or the PMZ. These cell clusters expressing cBra
were associated with focal sites of ectopic ingression in
the CAPE. Aggregates of cells expressing cBra were
found in both superficial and middle layers in sections
taken from probed embryos. This indicates that even in
the absence of organized streak formation, differentia-
tion of cBra-positive primitive streak precursors had
continued.

In contrast to stage XII embryos, stage XIII and XIV
embryos expressed both cWnt-8C and cBra after re-
moval of chondroitin sulfate. Nine of 12 stage XIII and
12 of 12 stage XIV embryos tested positive for cBra
expression. Similar to the pattern seen in treated stage
XII embryos, cBra was expressed by isolated groups of
cells in the CAPE in embryos treated at stage XIII (Fig.
2E,F). Embryos treated at stage XIV and probed for
cBra expression showed a more focal organization of
positive cell clusters. Some of these were close to the
PMZ, but most were found as large cell aggregates in
the CAPE (Fig. 2H,I). Similarly, treated stage XIII (6 of
12) and XIV (12 of 14) embryos expressed cWnt-8C. In
those embryos which expressed the marker, cWnt-8C
expression was found in cells confined to isolated sites
of the marginal zone and in ectopic cell clusters in the
CAPE (Fig. 2G). Sections taken from these embryos
showed cWnt-8C expressing cells present both in the
epiblast layer and intermixed with nonexpressing in
the cell layer beneath the CAPE (Fig. 2,J).

Blastoderms treated at stages where primitive
streak formation had already begun (stages 2–3) were
also probed for the expression of cBra and cWnt-8C. Of
the embryos tested, 8 of 8 stage 2 embryos and 14 of 14
stage 3 showed expression of cWnt-8C at the end of the
culture period. Although cWnt-8C expression was
mostly restricted to the remnants of the streak that
persisted in the CAPE (Fig. 2,N,O), positive cells were
also found in ectopic epiblast locations. This finding
was also true for cBra expression. 5 of 5 treated stage
2 and 16 of 16 treated stage 3 embryos expressed cBra
at the end of culture. Like cWnt-8C, cBra expression in
these embryos was generally confined to the remaining
anterior portions of the steak, but cBra was also ob-
served in some embryos as ectopic clusters of positive
cells in the CAPE (Fig. 2M).

Effect of Chondroitin Sulfate on Epiblast Cell
Adhesion to Extracellular Matrix Molecules

Our finding that removal of chondroitin sulfate from
blastoderms during gastrulation led to abnormal
streak development prompted us to investigate the di-
rect effects that chondroitin sulfate has on epiblast
cells. The CAPE contains a mixture of cells which dif-
ferentially express the HNK-1 epitope (Fig. 2K; see also
Canning and Stern, 1988), before and during gastrula-
tion. CAPE cells that bear the epitope have a higher
propensity to become mesendoderm than CAPE cells
that lack the epitope (Canning and Stern, 1988; Stern

and Canning, 1990). By using the method of antibody
panning (see Experimental Procedures section), we
were able to compare the two CAPE populations from
pre- and postgastrulation stages for spreading ability
on substrates containing varying amounts of chon-
droitin sulfate along with standardized amounts of fi-
bronectin or laminin. In this type of assay, spreading
ability can be correlated with degree of cell attachment
to specific extracellular components (Ernst et al., 1995)
known to influence the behaviour of epiblast cell types
(Cooke, 1993). For stage XIII and XIV embryos, the
CAPE was taken as the central disc of the epiblast
after dissecting away the MZ and hypoblast. The CAPE
region in stage 3 embryos was taken as the area of
epiblast anterior and lateral to the primitive streak
overlying the free hypoblast sheet.

Fibronectin-chondroitin sulfate substrates.
Both HNK-1-positive and -negative cells from stage
XIII CAPE spread well on fibronectin substrates. On
substrates that contained fibronectin alone, average
degree of spreading with stage XIII CAPE cells was
4.66 for HNK-1-positive cells and 4.75 for -negative
cells, with no significant difference (P . 0.05) between
the two cells types. Similarly, no significant difference
was found between HNK-1-positive and -negative
CAPE cells at stage XIV and 3 when fibronectin was
used as a substrate, with degree of cell spreading being
close to that at stage XIII. Average degree of spreading
for stage XIV CAPE was 4.83 for HNK-1-positive cells
and 4.81 for HNK-1-negative cells; at stage 3, the de-
gree of cell spreading was 4.66 for HNK-1-positive cells
and 4.58 for HNK-1-negative cells. Thus, when HNK-
1-positive and -negative CAPE cells are compared for
spreading ability on a simple adhesive substrate, no
discernible difference is found between the two cell
types. However, differences in spreading ability be-
come apparent when chondroitin sulfate is included in
the substrate (Fig. 3A). Overall, degree of cell spread-
ing for both cell types on fibronectin was diminished in
response to increasing concentrations of chondroitin
sulfate proteoglycan for the three stages selected.
When chondroitin sulfate bearing aggrecan is mixed
with fibronectin at concentrations of 1 mg/ml or above,
epiblast cell spreading is increasingly hindered. Signif-
icant differences were found in the degree of inhibition
between HNK-1-positive cells and -negative cells in the
range 2.5 to 50 mg/ml chondroitin sulfate. At all three
stages selected, HNK-1-negative cells are inhibited at
lower concentrations of the proteoglycan than their
positive counterparts. Although significant differences
were found between HNK-1-positive and -negative
cells, no significant differences were found in this inhi-
bition between equivalent cells types from stage XIII,
XIV, and 3 blastoderms. This would indicate that
HNK-1-positive cells have a higher affinity for extra-
cellular matrices containing chondroitin sulfate than
their negative counterparts, with no measurable
change in affinity by either cell type from stage XIII
to 3.
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To exclude the possibility that the inhibition of cell
spreading on chondroitin sulfate containing matrices
was due to aggrecan outcompeting fibronectin binding
to the culture well surface, we measured the spreading
ability of CAPE cells on prepared substrates that con-
tained the protein core in the absence of chondroitin
sulfate glycosaminoglycan. Before seeding cells on fi-
bronectin/chondroitin substrates, the chondroitin sul-
fate chains of aggrecan were removed with chondroiti-
nase AC lyase. Removal of chondroitin sulfate from the
matrices completely abolished the effects seen with the
intact aggrecan molecule (Fig. 3B). Spreading by both
HNK-1-positive and -negative cells was measured to be
similar to that of substrates consisting of fibronectin
alone. Therefore, it can be concluded that the differen-
tial effects of chondroitin sulfate on the different cells
types is generally not due to the protein core of aggre-
can outcompeting either fibronectin for binding sites on
the tissue culture plastic. However, at the highest con-
centrations of aggrecan used, some slight effect of pro-
tein binding competition may occur. Our measured ef-
fects of chondroitin sulfate on HNK-1-positive and
-negative cell-spreading most noticeably occur in the
lower concentrations of the assays.

Laminin-chondroitin sulfate substrates. When
CAPE cells are cultured on laminin substrates a high
degree of cell spreading is achieved, but not to the same
extent as on fibronectin substrates. Similar to fibronec-
tin substrates, no significant difference was observed
in our assays between HNK-1-positive and -negative
cells at stage XIII, XIV, or 3 on a simple laminin sub-
strate. When laminin is used as the sole substrate
molecule, epiblast cells from stage XIII CAPE spread
with an average of 3.43 for HNK-1-positive cells and
3.29 for HNK-1-negative cells. Similar to fibronectin
substrates, relatively the same degree of spreading was
measured for later stages of development. Stage XIV
HNK-1-positive cells spread at a measured value of
3.08 as compared with 3.33 for HNK-1-negative cells.
For stage 3, positive cells spread at a value of 3.25 and
3.37 for negative cells.

The inclusion of chondroitin sulfate proteoglycan in
the laminin substrate mixture had similar effects on
CAPE cells from all three stages. Chondroitin sulfate
proteoglycan, mixed with laminin, inhibited the
spreading of both HNK-1-positive and -negative cells at
concentrations above 10 mg/ml, similar to the inhibition
seen with fibronectin mixtures (Fig. 3C). However, at

Fig. 3. A–D:Cell spreading assays on substrate mixtures with HNK-1-positive and -negative cells derived
from the central area pellucida epiblast (CAPE) of stage XIV embryos. Each point represents 12 assays; error
bars 5 SEM. Similar graphs were obtained for stage XIII and stage 3 CAPE cells for each substrate mixture.
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concentrations below 10 mg/ml, chondroitin sulfate af-
fected HNK-1-positive and -negative cells spreading on
laminin in different ways. HNK-1-negative cells at all
stages tested were increasingly inhibited from spread-
ing in the range of 0.1–10 mg/ml chondroitin sulfate. In
contrast, HNK-1-positive cells were measured as hav-
ing an increased spreading ability on laminin sub-
strates at low concentrations of chondroitin sulfate rel-
ative to a laminin alone substrate. Over the range in
concentrations of 0.1–2.5 mg/ml of chondroitin sulfate,
HNK-1-positive CAPE cells showed a significantly dif-
ferent increase in spreading ability compared with
HNK-1-negative cells over the same concentration
range. This would suggest that chondroitin sulfate may
actually increase HNK-1-positive CAPE cell adhesion
to the ECM relative to negative cells within the epi-
blast. As was the case with the mixed fibronectin sub-
strates, removal of chondroitin sulfate from the aggre-
can in the laminin mixture completely abolished the
differences in cell spreading between HNK-1-positive
and -negative cells (Fig. 3D).

DISCUSSION

Chondroitin sulfate is normally present in the entire
basal lamina of the chick epiblast before gastrulation.
As gastrulation proceeds, chondroitin sulfate disap-
pears at the site of the primitive streak. At least one of
the chondroitin sulfate bearing proteoglycans present
in the early blastoderm is the cytotactin binding CTB-
proteoglycan (Crossin et al., 1986; Hoffman et al., 1988;
Canning, 1989), although others may be present re-
maining to be identified. We have used chondroitinase
enzymes in an attempt to specifically investigate
whether chondroitin sulfate glycosaminoglycans have
a functional role in primitive streak formation. By com-
paring chondroitinase treated whole embryo cultures
with hyaluronidase treated cultures, we have found
that experimentally reducing the expression of chon-
droitin sulfate at various time points during gastrula-
tion leads to distinct abnormalities in primitive streak
formation. Even though chondroitinases have inherent
hyaluronidase activity (Koshiishi et al., 1998), we can
conclude that our results are due to the specific degra-
dation of chondroitin sulfate because embryos treated
with comparable doses of hyaluronic acid specific hyal-
uronidase had no effect on CAPE cell recruitment into
the primitive streak. The stage-dependent abnormali-
ties that occur as a result of chondroitin sulfate degra-
dation seem to affect how cells are recruited into the
streak, but not the normal expression of streak-specific
markers. This finding suggests that chondroitin sulfate
is involved in the correct positioning of primitive streak
cells, but not the actual specification of cells destined to
join the streak.

Chondroitin Sulfate Assists in the Migration of
Cells in the Epiblast

Before the primitive streak forms at stage 2, there is
a gradual drift of epiblast cells from the posterior half

of the area pellucida toward the midline of the embryo
(Nicolet, 1971; Bellairs, 1986; Hatada and Stern, 1994).
Cells converging on the posterior midline at early
stages (XI–XIII) first give rise to the chordal mesoderm
(Hatada and Stern, 1994). This can be seen with the
initial expression of streak-specific markers in the pos-
terior of the embryo coinciding with the prechordal
mesoderm area. Epiblast cells expressing cWnt-8C
are found as early as stage XII at the PMZ, and
expression of cBra at stage XIII is confined to a
crescent shaped region bordering the PMZ (Kispert
et al., 1995; Knezevic et al., 1997). In early embryos
(stage XII–XIV) treated with chondroitinase, we found
cWnt-8C expression either missing from the posterior
of the embryo or, in some cases, as a broader than
normal field close to the PMZ. On the other hand, cBra
expression at these stages was observed to extend from
the posterior to the lateral marginal zones, and in other
ectopic locations within the epiblast. One possible in-
terpretation of this is cWnt-8C and cBra expressing
cells failed to follow their normal migration patterns to
the PMZ of the epiblast. Alternatively, normal move-
ments of these cells may have taken place, but cWnt-8C
expression was inhibited with cBra being expressed
ectopically in the lateral MZ. However, ectopic expres-
sion of cWnt-8C and cBra was less evident in the lateral
MZ of embryos treated at stage XIV, being more con-
fined to regions close to the PMZ. At this stage, move-
ments within the epiblast have resulted in cells of the
midline beginning to push anteriorly along the midline
of the presumptive streak areas (Hatada and Stern,
1994), which would normally serve to extend the ex-
pression areas of cWnt-8C and cBra forward into the
posterior of the CAPE. This was not seen in chondroiti-
nase treated embryos at this stage. Expression of these
markers was either in regions close to the PMZ, along
the lateral aspects of the MZ or ectopically in the
CAPE. No singular expression of cells was seen along
the posterior midline of the epiblast. This finding leads
us to the conclusion that removal of chondroitinase
sulfate from the epiblast at pregastrulation stages in-
terferes with movements of presumptive chordal meso-
derm, preventing the normal accumulation of these
cells at the PMZ and their subsequent forward move-
ment.

The interference of epiblast cell movements also
seemed to occur when chondroitin sulfate was removed
after gastrulation began. Embryos treated at early
streak stages (stage 2) developed streaks that extended
into the CAPE region. However, the supply of cells to
the posterior of the advancing streak seemed to be
disrupted. According to fate maps of the epiblast at this
stage (Hatada and Stern, 1994), the presumptive areas
of notochord, head process, medial somite, and pre-
chordal plate are at the center of the area pellucida
(CAPE), with cells fated to form heart, lateral somite,
and lateral mesoderm coalescing to the posterior streak
as it advances. The finding of isolated cBra and
cWnt-8C expression by middle layer cells in the CAPE
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treated at streak stages, in the absence of contiguous
cell ingression from the PMZ, suggests the movements
of cells that normally contribute to the posterior of the
streak had been blocked while the forward progression
of the streak continued. Ectopic expression of these
markers in the CAPE at stage 2–3 is most likely from
cells that would normally migrate to the streak from
the CAPE, but having lost their migratory abilities,
differentiate as streak cells without joining the streak.

Our finding that secondary axes can be formed by
removal of chondroitin sulfate would also support the
idea that the migration of primitive streak precursors
had been disturbed. The location of cWnt-8C and cBra-
positive cells in the normal stage XII–XIII embryo as a
posterior crescent following the inner aspect of mar-
ginal zone is reported to be indicative of a region of
streak inducing activity (Hume and Dodd, 1993; Kis-
pert et al., 1995; Knezevic et al., 1997). This region
becomes more restricted at stage XIV-2, leading to the
formation of a single streak emanating from the mid-
line of the posterior MZ. If chondroitin sulfate serves to
assist in the correct localization of initial streak cells,
which may in themselves also carry inducing capabili-
ties (Bellairs, 1986; Stern and Canning, 1988), then
arrested movements in the PMZ after chondroitin sul-
fate removal would lead to the formation of a broader
than normal region with the ability to form a streak.
We found a high incidence of streak doubling around
stage XIV-2 in our treated embryos, suggesting that
normally chondroitin sulfate assists in polarizing the
epiblast, along with the reported instructive influences
from the PMZ (Azar and Eyal-Giladi, 1979; Stern,
1990; Zagris and Panagopoulou, 1992; Khaner, 1998).

Chondroitin Sulfate Inhibits Ingression

Epiblast cells at the site of the streak undergo an
epithelial to mesenchyme conversion (Bellairs, 1986).
Accompanying this, the basal lamina is fragmented at
sites of ingression along the midline of the streak (Va-
kaet, 1984). Disappearance of basal lamina constitu-
ents may be due to lack of synthesis of extracellular
matrix molecules at this site (Sanders and Prasad,
1989) or, alternatively, due to degradative enzymes
that disrupt glycosaminoglycan integrity of the basal
lamina (Vanroelen et al., 1980a,b,c; Stern, 1984; Sand-
ers and Prasad, 1989). This breakdown of the basal
lamina can be artificially induced, either with grafts of
Hensen’s node or application of hepatocyte growth fac-
tor (Stern et al., 1990; Streit et al., 1995; Thery et al.,
1995; DeLuca et al., 1999). Therefore, it seems that the
basal lamina in it’s intact form prevents ingression of
epiblast cells, and that its disappearance allows ingres-
sion to occur.

Our results suggest that removal of chondroitin sul-
fate from the epiblast basal allows for ectopic ingres-
sion of cells from the CAPE to the middle layer. Re-
moval of chondroitin sulfate from early embryos (stage
XIII–IV) led to the formation of clusters of middle layer
cells distal to the normal site of primitive streak for-

mation. Ingressing cells at these ectopic sites expressed
the HNK-1 epitope (Figs. 4L, 5D). Individual cells ex-
pressing the HNK-1 epitope in the epiblast may repre-
sent cells with a propensity to de-epithelialize (Stern
and Canning, 1990), whereas clusters of epiblast cells
expressing HNK-1 are indicators of localized de-epithe-
lialization in the chick blastoderm (Canning and Stern,
1988; Cooke, 1993; Cooke et al., 1994). This finding
would support the idea that chondroitin sulfate, in
some way, acts as a barrier to ingression, similar to it
acting as a barrier to cell movements in other develop-
mental systems (Newgreen et al., 1990; Snow et al.,
1990, 1991; Brittis et al., 1992; Canning et al., 1993a;
Newgreen and Tan, 1993; Canning et al., 1996). The
presence of chondroitin sulfate in the basal lamina in
the early avian embryo could, therefore, be viewed as
partaking in a mechanism preventing the formation of
supernumary primitive streaks, thereby ensuring the
formation of a single embryonic axis.

Selection of Primitive Streak Cells From
the CAPE

The orientation and site of formation of the primitive
streak is decided by influences emanating from the
PMZ before the onset of gastrulation (Azar and Eyal-
Giladi, 1979; Stern, 1990; Zagris and Panagopoulou,
1992; Khaner, 1998). Once initiated, cells ingress along
the axis of the streak from lateral positions within the
CAPE along the streak’s lateral borders, with a corre-
sponding inward movement of the posterior epiblast
toward the midline of the area pellucida. If all cells of
the posterior epiblast joined the streak in sequence
with the advancing primitive streak, fate maps of the
prestreak epiblast would correspond precisely with cell
movements toward the midline of the embryo during
gastrulation. This is not the case in the chick embryo,
because it has been shown that not all cells in desig-
nated fate areas ingress with the advancing streak
(Stern and Canning, 1990; Hatada and Stern, 1994).
For instance, cells fated for neuroectoderm are inter-
mingled with presumptive endodermal and mesoder-
mal cell types throughout the stage XI–XIII epiblast.
At stages 2–3 only the anterior CAPE cells normally
give rise to neuroectoderm, with the posterior quadrant
of the epiblast giving rise to both neuroectoderm and
mesodermal cell types.

Given that not all epiblast cells ingress through the
primitive streak, how are cells of the epiblast selected
to join the streak leaving the ectodermal cell types
behind? It is possible that accompanying the break-
down of the epiblast basal lamina at the initiation of
gastrulation, cells destined to form the primitive streak
are recruited by differential adhesion to ECM compo-
nents. Previous experiments by Stern and Canning
(1990) showed that cells expressing the HNK-1 epitope
in the stage XIV epiblast preferentially join the streak
over cells that lack the epitope. If this is the case, then
HNK-1-positive cells may have an increased ability to
move toward the streak from lateral aspects of the
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CAPE. In our in vitro adhesion assays, we could not
correlate cell-spreading measurements of HNK-1-posi-
tive and -negative CAPE cells to either cell type having
an increased mobility on substrates that contained
only adhesive ECM components. A similar observation
was also made by Cooke (Cooke, 1993; Cooke et al.,
1994), who found that HNK-1-positive primitive streak
cells spread to the same extent as HNK-1-negative
epiblast cells on substrates containing only fibronectin.
Thus, differential adhesion by the two cell types to
these extracellular matrix molecules alone cannot ac-
count for the segregation of the two cell types at the
time of ingression. However, in our experimental sub-
strate adhesion assays, we included the proteoglycan
aggrecan. This molecule has known anti-adhesive func-
tions that are mediated through its glycosaminoglycan
chains (Snow et al., 1990, 1991; Ernst et al., 1995). In
our experimental assays with aggrecan, we found chon-
droitin sulfate concentration dependent effects which
affected HNK-1-positive and -negative cells differently,
independent of the protein core of the molecule. At
higher concentrations of chondroitin sulfate, all CAPE
cells are inhibited from attaching to either fibronectin
or laminin substrates. At low concentrations of chon-
droitin sulfate, separate substrate adhesive behaviors
between HNK-1-positive and HNK-1-negative cells are
found. HNK-1-positive cells attach and spread on fi-
bronectin/chondroitin and laminin/chondroitin matri-
ces better than do negative cells over the same concen-
tration range. In the case of laminin, chondroitin
sulfate actually augmented the spreading of HNK-1-
positive CAPE cells, while inhibiting the spreading of
HNK-1-negative CAPE cells. These results, taken to-
gether with the dynamics of epiblast formation in the
embryo, may offer a clue as to how cells are sorted to
become members of primitive streak from the CAPE.

During gastrulation, the basal lamina continually
moves toward the primitive streak from the periphery
of the area pellucida (Sanders, 1984). In addition, there
is evidence that glycosaminoglycan precursor mole-
cules are transferred from the growing hypoblast sheet
originating from the posterior and lateral aspects of the
area pellucida marginal zone (Harrisson et al., 1985a;
Harrisson, 1993). Because chondroitin sulfate affects
substrate adhesion of epiblast cells, movements of
basal lamina components may assist in the sorting of
cells destined for joining the primitive streak from
stages XIII - stage 3. Cells of the CAPE that are able to
adhere and migrate over the chondroitin sulfate con-
taining ECM will have a tendency to move with the
flow of the basal lamina. In the immediate vicinity of
the growing streak in the CAPE, this would tend to
favor the recruitment of HNK-1-positive cells of the
epiblast into the primitive streak at the expense of
HNK-1-negative cells. This tendency persists in the
anterior CAPE at stage 3, even though this region only
gives rise to neuroectoderm but remains competent to
streak induction (reviewed by Bellairs, 1986).

The differential selection of cells leading to cell sort-
ing from the CAPE would serve to explain a fundamen-
tal difference in gastrulation between avian embryos
and other experimental model organisms. Unlike the
epibolic and invaginating cell movements used by fish
and amphibians, where outer layer cells act as collec-
tives during internalization of mesoderm, bird gastru-
lation is described as a polyingression. With this sys-
tem, de-epithelializing cells contributing to the middle
layer act as individuals. Thus, when gastrulation is
induced, a mechanisms must be in place that first,
prevent ectopic cell ingression beyond the immediate
vicinity of the streak; and second, regulate the num-
bers of cells joining the streak during its anterior pro-
gression. Our findings suggest the presence of chon-
droitin sulfate in the basal lamina may have a function
in both of these mechanisms during chick gastrulation.

EXPERIMENTAL PROCEDURES
Embryo Culture

Ross-Byer-Ross fertile eggs were obtained from Sea-
bord Farms, Mayfield, KY. Eggs were incubated in a
humidified incubator at 38°C for the appropriate
length of time to reach the desired stage of embryonic
development. Stages of embryonic development are
designated according to those used by Eyal-Giladi and
Kochav (1976) for pregastrulation embryos and Ham-
burger and Hamilton (1992) for postgastrulation
stages. Embryos were removed from eggs under aseptic
conditions in Pannett & Compton saline and placed on
previously prepared vitelline membranes wrapped
around (2-cm-diameter, 4-mm-thick, 6-mm-tall) glass
rings. The membrane was then placed in 1,300 ml of
culture medium in 35-mm sterile culture plates (Fal-
con). The culture medium contained 1-ml-thin albumen
with 300 ml Pannet & Compton saline that included the
test reagent. Reagents used were: a chemically modi-
fied analog of xylose (manufactured by Fulgetius
Lugemwa, MSU), chondroitinase AC (Sigma, Inc.),
chondroitinase ABC (Sigma, Inc.), heparanase (Sigma,
Inc.), hyaluronate lyase (Streptomyces hyalurolyticus;
Sigma, Inc.), neuraminidase (Endo-N, - Sigma, Inc.).
All reagents used were tested protease free by protein
degradation assays (Chavira et al., 1984). The ventral
side of the embryo was bathed with 10 ml of test re-
agent immediately before culture. The total amount of
test reagents used for each preparation, expressed in
units, was calculated from the total amount of reagent
in the medium and that used to bathe the embryo.
Units were normalized according to the manufacturers
specifications (i.e., comparable to a standard rate of
glycosaminoglycan digestion determined by disaccha-
ride release). In the case of the xylose analog, units
represent nanogram quantities that block glycosami-
noglycan addition to CHO cells (provided by F.
Lugemwa, MSU). Embryos were cultured for the ap-
propriate length of time at 38°C in a humidified incu-
bator.
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Preparation of Probes

For detection of early streak cells, RNA probes were
created from linearized plasmid by transcription of 330
bp of cBra (gift of Jim Smith, Mill Hill) and transcrip-
tion of full length cWnt8-C (1.7 kb) (gift of Jane Dodd,
Columbia). Transcripts were labelled with digoxigenin
conjugated nucleotides for 2 hr at 37°C. Reaction com-
ponents were added in the following order: 3 mg of
linearized plasmid, 22 ml of RNAse free water, 10 ml of
53 transcription buffer, 5 ml of DIG nucleotide mix, 5
ml 103 DTT, 1 ml RNAsin, and 4 ml of the appropriate
enzyme (T3 or T7). DNA template was digested with
RNAase free DNAase for 30 min at 37°C and stopped
with EDTA. Unincorporated nucleotides were removed
by alcohol/lithium chloride precipitation (12 hr at
220°C). The pellet washed with 70% ethanol, rinsed in
absolute ethanol, air dried at 37°C dissolved in water
at a final concentration of 1 mg/ml. The probe was then
stored at -20°C and diluted with hybridization buffer to
a final concentration of 100–500 ng/ml before use.

In Situ Hybridization

Intact embryos were fixed for 1 hr in Histochoice MB
(Midwest Scientific). Embryos were then placed in ab-
solute methanol at 220°C for 12 hr before rehydration
with a series of washes in PTW (Calcium Magnesium
Free Medium with 0.1% Tween-20). Embryos were
post-fixed for 20 min and washed in PTW, and then
prehybridized from 6 hr at 65°C in hybridization buffer
(25 ml formamide, 3.25 ml of 203 SSC, pH 5.3, 0.5 ml
of 0.5 M EDTA pH 8.0, 125 ml of yeast RNA [20 mg/ml],
Tween-20 100 ml, 0.25 g of CHAPS, 100 ml of heparin
[50 mg/ml], 18.4 ml of water). The hybridization buffer
was replaced with the probe in hybridization mix and
hybridized at 65°C for 12 hr. After hybridization, em-
bryos were washed twice with hybridization mix, fol-
lowed by a wash with a 1:1 mixture of hybridization
solution and TBST (0.8 g of NaCl, 0.02 g of KCl, 2.5 ml
of 1 M Tris-HCl, pH 7.5, 1.1 g of Tween-20, 6.4 ml of
water). Embryos were rinsed three times in TBST fol-
lowed by three washes (30–60 min) in the same. After
washing, embryos were blocked with 5% heat inacti-
vated horse serum in TBST with 1 mg/ml bovine serum
albumin (BSA) for 3 hr. Labelled nucleotides were de-
tected with Fab fragments of sheep anti-DIG AP con-
jugate (Boehringer-Mannheim) by incubating over-
night in blocking solution at 4°C. Embryos were rinsed
three times in TBST and washed for 3 hr. Detection of
the antibody was achieved with BCIP/NBT substrate
(either blue or red, Midwest Scientific). Reactions were
allowed to continue for 4–12 hr, and stopped with SSC.

Immunocytochemistry

Embryos were fixed for 10 min in Histochoice MB
and embedded in 7.5 g gelatin/20% sucrose/PBS before
cryosectioning. Sections were labelled with optimally
diluted mab CS56, (Sigma, specific to chondroitin-6-
sulfate chains A and C; [Avnur and Geiger, 1984]), or

mab HNK-1 (Developmental Studies Hybridoma Bank,
specific for an O-linked polysaccharide complex) (Abo
and Balch, 1981) in 0.1% BSA/2% newborn calf serum/
PBS for 1 hr. The primary antibody was detected with
goat anti-mouse IgM biotin-conjugate followed by Ex-
traAvidin-alkaline phosphatase or peroxidase-conju-
gate. Presence of the enzyme was visualized by devel-
oping with BCIP/NBT or 0.5% 3,39-diaminobenzidine
(DAB) in 0.1 M TBS pH 7.8 for 15 min. A similar
procedure was used for cell epiblast explants. Some
preparations were also counterstained with Toluidine
blue after antibody staining. All reagents obtained
from Sigma Chemical, Inc., unless otherwise stated.

Cell Spreading Assays

Chick blastoderms of the appropriate stage were
placed in calcium-magnesium free saline (CMF). By
using microdissection pins, the hypoblast was removed
followed by marginal zone removal to leave the intact
CAPE region. After several such epiblasts regions had
been collected, the tissue was gently triturated in CMF,
pH 7.4, to yield single cell suspensions. These cells
were then centrifuged and resuspended in DMEM-F12
containing 5% fetal calf serum (FCS). The suspension
was then seeded onto a 100-mm culture plate (Falcon)
that had been previously treated with 5 mg ml-1 goat
anti-mouse IgM (Sigma) in 50 mM Tris-saline pH 7.2,
incubated 12 hr at 4°C, rinsed with phosphate buffered
saline (PBS), and a second treatment with HNK-1 an-
tibody (Developmental Studies Hybridoma Bank) in
DMEM-F12 containing 1 mg/ml bovine serum albumen
(BSA) to block nonspecific adherence of cells. The
seeded culture plate was then incubated for 1 hr at
room temperature with intermittent gentle swirling.
After incubation with the immobilized antibody, free
cells (HNK-1-negative) were poured off. With a Pasteur
pipette, the culture plate was then gently “sprayed”
with DMEM/5% FCS for approximately 5 min to loosen
and collect the bound HNK-1-positive cells. Cells were
then washed with serum-free DMEM. Samples of each
population were kept for later testing of purity. Testing
of the separated HNK-1-negative and -positive popula-
tions by immunocytochemistry with HNK-1 and
Trypan blue exclusion, showed that this technique pro-
duces 93–97% pure populations, with over 98% cell
viability. Preparations that were deemed inviable
(.5% trypan inclusion) or were later found to be im-
pure (,95%) were discarded. The separated popula-
tions of CAPE cells were then used in the following
cell-spreading protocol.

Solutions of purified fibronectin (10 mg/ml; Sigma)
and laminin (20 mg/ml; UBI) in CMF were added to
round bottom wells of a 96-well spot plate (Falcon) and
incubated at room temperature for 60 min. For chon-
droitin sulfate mixtures, laminin or fibronectin was
premixed with varying concentrations of chick aggre-
can (gift of Micheal Sorrel, CWRU). After incubation
with test molecules for each assay, the plates were
blocked with 0.01% BSA. 5000 HNK-1-positive or -neg-
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ative cells were added to each well, so that each cell
type was exposed to either fibronectin or laminin with
varying concentrations of aggrecan present. Plates
were incubated at 38°C in a CO2 incubator for 16 hr.
For controls, selected wells were digested with 2 U/ml
chondroitinase AC lyase for 20 min at 38°C before
incubation with cells to remove chondroitin sulfate
from the aggrecan present in the substrate mixture.
After incubation, plates were swirled on a rotating
table at 100 rpm for 30 min at 38°C to remove nonad-
herent cells and examined with phase contrast micros-
copy for evidence of spreading.

Owing to the rounded configuration of the wells in
which the epiblast cells were cultured, degree of cell
spreading to each substrate mixture could be assayed
directly (Ernst et al., 1995). When initially seeded into
wells, cells collect under the influence of gravity at the
center of the bottom of the culture well. Cells that
adhere well to the substrate, attach and spread along
the surface of the tissue culture well forming a circular
monolayer over the bottom of the well. In the case
where cells attach poorly to the substrate, cells remain
as a multilayered aggregate in the center of the well
bottom. To compare the degree of cell spreading be-
tween HNK-1-positive and -negative epiblast cells from
each stage, a scoring system was established with the
use of an ocular micrometer. Under low power, the
central portion of each well was divided into a series of
measured concentric rings. These regions were used to
determine the amount of spreading from the center of
the well. Cultures of epiblast cells that failed to extend
beyond the center of the well were assigned a score of 1
(inhibited), whereas cultures whose cells successfully
attached and spread on the substrate were scored from
2 to a maximum of 5 according to the extent of spread-
ing in each case.

Epiblast Explants

Chick blastoderms of the appropriate stage were
placed in calcium-magnesium free saline (CMF). By
using microdissection pins, the hypoblast was removed
followed by marginal zone removal to leave the intact
CAPE region. Epiblasts were then scored with micro-
dissection pins to produce small pieces of tissue, and
seeded onto coverslips in 35-mm culture plates (Falcon)
previously treated with nitrocellulose followed by 5
mg/ml fibronectin in CMF. Explants were incubated at
38°C in a CO2 incubator for 12 hr, after which explants
were fixed with Histochoice MB and processed for im-
munocytochemistry.

ACKNOWLEDGMENTS

The authors thank Jane Dodd for providing the
cWnt-8C plasmid, Claudio Stern for the provision of
the cBra plasmid, and Micheal Sorrel for the provision
of purified chick aggrecan. D.R.C. was supported by the
NSF and the NIH.

REFERENCES

Abo T, Balch CM. 1981. A differentiation antigen of human NK and K
cells identified by a monoclonal antibody (HNK-1). J Immunol 127:
1024–1029.

Avnur Z, Geiger B. 1984. Immunocytochemical localization of native
chondroitin-sulfate in tissues and cultured cells using specific
monoclonal antibody. Cell 38:811–822.

Azar Y, Eyal-Giladi H. 1979. Marginal zone cells—the primitive
streak-inducing component of the primary hypoblast in the chick. J
Embryol Exp Morphol 52:79–88.

Bachvarova RF, Skromne I, Stern CD. 1998. Induction of primitive
streak and Hensen’s node by the posterior marginal zone in the
early chick embryo. Development 125:3521–3534.

Bellairs R. 1986. The primitive streak. Anat Embryol (Berl) 174:1–14.
Bortier H, De Bruyne G, Espeel M, Vakaet L. 1989. Immunohisto-

chemistry of laminin in early chicken and quail blastoderms. Anat
Embryol (Berl) 180:65–69.

Brickman MC, Gerhart JC. 1994. Heparitinase inhibition of meso-
derm induction and gastrulation in Xenopus laevis embryos. Dev
Biol 164:484–501.

Brittis PA, Silver J. 1994. Exogenous glycosaminoglycans induce com-
plete inversion of retinal ganglion cell bodies and their axons within
the retinal neuroepithelium. Proc Natl Acad Sci USA 91:7539–
7542.

Brittis PA, Canning DR, Silver J. 1992. Chondroitin sulfate as a
regulator of neuronal patterning in the retina. Science 255:733–
736.

Brown AJ, Sanders EJ. 1991. Interactions between mesoderm cells
and the extracellular matrix following gastrulation in the chick
embryo. J Cell Sci 99:431–441.

Canning DR. 1989. Mechanisms of formation of the embryonic axis.
In: Department of human anatomy. Oxford, UK: Oxford University.

Canning DR, Stern CD. 1988. Changes in the expression of the car-
bohydrate epitope HNK-1 associated with mesoderm induction in
the chick embryo. Development 104:643–655.

Canning DR, McKeon RJ, DeWitt DA, Perry G, Wujek JR, Frederick-
son RC, Silver J. 1993a. beta-Amyloid of Alzheimer’s disease in-
duces reactive gliosis that inhibits axonal outgrowth. Exp Neurol
124:289–298.

Canning DR, McKeon RJ, DeWitt DA, Perry G, Wujek JR, Frederick-
son RCA, Silver J. 1993b. Blocking of axon outgrowth by reactive
gliosis induced with b-amyloid peptides. Soc Neurosci Abstr 19:
1738.

Canning DR, Hoke A, Malemud CJ, Silver J. 1996. A potent inhibitor
of neurite outgrowth that predominates in the extracellular matrix
of reactive astrocytes. Int J Dev Neurosci 14:153–175.

Chavira R Jr, Burnett TJ, Hageman JH. 1984. Assaying proteinases
with azocoll. Anal Biochem 136:446–450.

Condic ML, Snow DM, Letourneau PC. 1999. Embryonic neurons
adapt to the inhibitory proteoglycan aggrecan by increasing inte-
grin expression. J Neurosci 19:10036–10043.

Cooke J. 1993. Expression of the HNK-1 epitope is unaltered among
early chick epiblast cells despite behavioral transformation by in-
ducing factors in vitro. Int J Dev Biol 37:479–486.

Cooke J, Takada S, McMahon A. 1994. Experimental control of axial
pattern in the chick blastoderm by local expression of Wnt and
activin: the role of HNK-1 positive cells. Dev Biol 164:513–527.

Cotman SL, Halfter W, Cole GJ. 1999. Identification of extracellular
matrix ligands for the heparan sulfate proteoglycan agrin. Exp Cell
Res 249:54–64.

Crossin KL, Hoffman S, Grumet M, Thiery JP, Edelman GM. 1986.
Site-restricted expression of cytotactin during development of the
chicken embryo. J Cell Biol 102:1917–1930.

Dealy CN, Seghatoleslami MR, Ferrari D, Kosher RA. 1997. FGF-
stimulated outgrowth and proliferation of limb mesoderm is depen-
dent on syndecan-3. Dev Biol 184:343–350.

DeLuca SM, Gerhart J, Cochran E, Simak E, Blitz J, Mattiacci-
Paessler M, Knudsen K, George-Weinstein M. 1999. Hepatocyte
growth factor/scatter factor promotes a switch from E- to N- cad-
herin in chick embryo epiblast cells. Exp Cell Res 251:3–15.

557CHONDROITIN SULFATE AND CHICK GASTRULATION



Dow KE, Mirski SE, Roder JC, Riopelle RJ. 1988. Neuronal proteo-
glycans: biosynthesis and functional interaction with neurons in
vitro. J Neurosci 8:3278–8289.

Duband JL, Thiery JP. 1982. Appearance and distribution of fibronec-
tin during chick embryo gastrulation and neurulation. Dev Biol
94:337–350.

England, MA. 1981. Applications of the SEM to the analysis of mor-
phogenetic events. J Microsc 123:133–146.

Ernst H, Zanin MK, Everman D, Hoffman S. 1995. Receptor-mediated
adhesive and anti-adhesive functions of chondroitin sulfate proteo-
glycan preparations from embryonic chicken brain. J Cell Sci 108:
3807–3816.

Esko JD. 1991. Genetic analysis of proteoglycan structure, function
and metabolism. Curr Opin Cell Biol 3:805–816.

Eyal-Giladi H, Kochav S. 1976. From cleavage to primitive streak
formation: a complementary normal table and a new look at the
first stages of the development of the chick: I. General morphology.
Dev Biol 49:321–337.

George-Weinstein M, Gerhart J, Foti G, Lash J. 1994. Maturation of
myogenic and chondrogenic cells in the presomitic mesoderm of the
chick embryo. Exp Cell Res 211:263–274.

George-Weinstein M, Gerhart J, Reed R, Flynn J, Callihan B, Matti-
acci M, Miehle C, Foti G, Lash J, Weintraub H. 1996. Skeletal
myogenesis: the preferred pathway of chick embryo epiblast cells in
vitro. Dev Biol 173:279–291.

George-Weinstein M, Gerhart J, Blitz J, Simak E, Knudsen KA. 1997.
N-cadherin promotes the commitment and differentiation of skele-
tal muscle precursor cells. Dev Biol 185:14–24.

Gould SE, Upholt WB, Kosher RA. 1995. Characterization of chicken
syndecan-3 as a heparan sulfate proteoglycan and its expression
during embryogenesis. Dev Biol 168:438–451.

Hamburger V, Hamilton HL. 1992. A series of normal stages in the
development of the chick embryo. 1951. Dev Dyn 195:231–72.

Harrisson F. 1993. Cellular origin of the basement membrane in
embryonic chicken/quail chimeras. Int J Dev Biol 37:337–347.

Harrisson F, Vanroelen C, Foidart JM, Vakaet L. 1984. Expression of
different regional patterns of fibronectin immunoreactivity during
mesoblast formation in the chick blastoderm. Dev Biol 101:373–381.

Harrisson F, Van Hoof J, Vanroelen C, Vakaet L. 1985a. Transfer of
extracellular matrix components between germ layers in chimaeric
chicken-quail blastoderms. Cell Tissue Res 239:643–649.

Harrisson F, Vanroelen C, Vakaet L. 1985b. Fibronectin and its rela-
tion to the basal lamina and to the cell surface in the chicken
blastoderm. Cell Tissue Res 241:391–397.

Harrisson F, Callebaut M, Vakaet L. 1991. Features of polyingression
and primitive streak ingression through the basal lamina in the
chicken blastoderm. Anat Rec 229:369–383.

Harrisson F, Van Nassauw L, Van Hoof J, Foidart JM. 1993. Micro-
injection of antifibronectin antibodies in the chicken blastoderm:
inhibition of mesoblast cell migration but not of cell ingression at
the primitive streak. Anat Rec 236:685–696.

Hatada Y, Stern CD. 1994. A fate map of the epiblast of the early chick
embryo. Development 120:2879–2889.

Henderson DJ, Copp AJ. 1997. Role of the extracellular matrix in
neural crest cell migration. J Anat 191:507–515.

Henderson DJ, Ybot-Gonzalez P, Copp AJ. 1997. Over-expression of
the chondroitin sulphate proteoglycan versican is associated with
defective neural crest migration in the Pax3 mutant mouse
(splotch). Mech Dev 69:39–51.

Hoffman S, Crossin KL, Edelman GM. 1988. Molecular forms, binding
functions, and developmental expression patterns of cytotactin and
cytotactin-binding proteoglycan, an interactive pair of extracellular
matrix molecules. J Cell Biol 106:519–532.

Hume CR, Dodd J. 1993. Cwnt-8C: a novel Wnt gene with a potential
role in primitive streak formation and hindbrain organization. De-
velopment 119:1147–1160.

Itoh K, Sokol SY. 1994. Heparan sulfate proteoglycans are required
for mesoderm formation in Xenopus embryos. Development 120:
2703–2711.

Keane RW, Mehta PP, Rose B, Honig LS, Loewenstein WR, Rut-
ishauser U. 1988. Neural differentiation, NCAM-mediated adhe-

sion, and gap junctional communication in neuroectoderm. A study
in vitro. J Cell Biol 106:1307–1319.

Khaner O. 1998. The ability to initiate an axis in the avian blastula is
concentrated mainly at a posterior site. Dev Biol 194:257–266.

Kispert A, Ortner H, Cooke J, Herrmann BG. 1995. The chick
Brachyury gene: developmental expression pattern and response to
axial induction by localized activin. Dev Biol 168:406–415.

Knezevic V, De Santo R, Mackem S. 1997. Two novel chick T-box
genes related to mouse Brachyury are expressed in different, non-
overlapping mesodermal domains during gastrulation. Develop-
ment 124:411–419.

Koshiishi I, Takenouchi M, Hasegawa T, Imanari T. 1998. Enzymatic
method for the simultaneous determination of hyaluronan and
chondroitin sulfates using high-performance liquid chromatogra-
phy. Anal Biochem 265:49–54.

Kubota Y, Morita T, Kusakabe M, Sakakura T, Ito K. 1999. Spatial
and temporal changes in chondroitin sulfate distribution in the
sclerotome play an essential role in the formation of migration
patterns of mouse neural crest cells. Dev Dyn 214:55–65.

Lin X, Buff EM, Perrimon N, Michelson AM. 1999. Heparan sulfate
proteoglycans are essential for FGF receptor signaling during Dro-
sophila embryonic development. Development 126:3715–3723.

Massague J, Andres J, Attisano L, Cheifetz S, Lopez-Casillas F,
Ohtsuki M, Wrana JL. 1992. TGF-beta receptors. Mol Reprod Dev
32:99–104.

Newgreen DF, Powell ME, Moser B. 1990. Spatiotemporal changes in
HNK-1/L2 glycoconjugates on avian embryo somite and neural crest
cells. Dev Biol 139:100–120.

Newgreen DF, Tan SS. 1993. Adhesion molecules in neural crest
development. Pharmacol Ther 60:517–37.

Nicolet G. 1971. Avian gastrulation. Adv Morphog 9:231–262.
Niu S, Antin PB, Akimoto K, Morkin E. 1996. Expression of avian

glypican is developmentally regulated. Dev Dyn 207:25–34.
Oakley RA, Lasky CJ, Erickson CA, Tosney KW. 1994. Glycoconju-

gates mark a transient barrier to neural crest migration in the
chicken embryo. Development 120:103–114.

Perris R, Johansson S. 1990. Inhibition of neural crest cell migration
by aggregating chondroitin sulfate proteoglycans is mediated by
their hyaluronan-binding region. Dev Biol 137:1–12.

Psychoyos D, Stern CD. 1996. Fates and migratory routes of primitive
streak cells in the chick embryo. Development 122:1523–1534.

Raab G, Kover K, Paria BC, Dey SK, Ezzell RM, Klagsbrun M. 1996.
Mouse preimplantation blastocysts adhere to cells expressing the
transmembrane form of heparin-binding EGF-like growth factor.
Development 122:637–645.

Raddatz E, Monnet-Tschudi F, Verdan C, Kucera P. 1991. Fibronectin
distribution in the chick embryo during formation of the blastula.
Anat Embryol (Berl) 183:57–65.

Rapraeger AC, Ott VL. 1998. Molecular interactions of the syndecan
core proteins. Curr Opin Cell Biol 10:620–628.

Sanders E. 1979. Development of the basal lamina and extracellular
materials in the early chick embryo. Cell Tissue Res 198:527–537.

Sanders E. 1982. Ultrastructural immunocytochemical localization of
fibronectin in the early chick embryo. J Embryol Exp Morphol
71:155–170.

Sanders EJ. 1984. Labelling of basement membrane constituents in
the living chick embryo during gastrulation. J Embryol Exp Mor-
phol 79:113–123.

Sanders EJ, Chokka P. 1987. Monensin inhibits secretion of extracel-
lular matrix and the spreading of mesoderm cells in the early chick
embryo. J Cell Sci 87:389–398.

Sanders EJ, Prasad S. 1989. Invasion of a basement membrane ma-
trix by chick embryo primitive streak cells in vitro. J Cell Sci
92:497–504.

Snow DM, Lemmon V, Carrino DA, Caplan AI, Silver J. 1990. Sul-
fated proteoglycans in astroglial barriers inhibit neurite outgrowth
in vitro. Exp Neurol 109:111–130.

Snow DM, Watanabe M, Letourneau PC, Silver J. 1991. A chondroitin
sulfate proteoglycan may influence the direction of retinal ganglion
cell outgrowth. Development 113:1473–1485.

Stern CD. 1984. Mini-review: hyaluronidases in early embryonic de-
velopment. Cell Biol Int Rep 8:703–717.

558 CANNING ET AL.



Stern CD. 1990. The marginal zone and its contribution to the hypo-
blast and primitive streak of the chick embryo. Development 109:
667–682.

Stern CD, Canning DR. 1988. Gastrulation in birds: a model system
for the study of animal morphogenesis. Experientia 44:651–657.

Stern CD, Canning DR. 1990. Origin of cells giving rise to mesoderm
and endoderm in chick embryo. Nature 343:273–275.

Stern CD, Ireland GW, Herrick SE, Gherardi E, Gray J, Perryman M,
Stoker M. 1990. Epithelial scatter factor and development of the
chick embryonic axis. Development 110:1271–1284.

Streit A, Stern CD, Thery C, Ireland GW, Aparicio S, Sharpe MJ, Gher-
ardi E. 1995. A role for HGF/SF in neural induction and its expression
in Hensen’s node during gastrulation. Development 121:813–824.

Thery C, Sharpe MJ, Batley SJ, Stern CD, Gherardi E. 1995. Expres-
sion of HGF/SF, HGF1/MSP, and c-met suggests new functions
during early chick development. Dev Genet 17:90–101.

Toole B. 1991. Proteoglycans and hyaluronan in morphogenesis and
differentiation. New York: Plenum Press.

Tsuda M, Kamimura K, Nakato H, Archer M, Staatz W, Fox B,
Humphrey M, Olson S, Futch T, Kaluza V, Siegfried E, Stam L,
Selleck SB. 1999. The cell-surface proteoglycan Dally regulates
Wingless signalling in Drosophila. Nature 400:276–280.

Vakaet L. 1970. Cinephotomicrographic investigations of gastrulation
in the chick blastoderm. Arch Biol Liege 81:387–426.

Vakaet L. 1984. The initiation of gastrular ingression in the chick
blastoderm. Am Zool 24:555–562.

Van Hoof J, Harrisson F, Andries L, Vakaet L. 1986. Microinjection of
glycosaminoglycan-degrading enzymes in the chicken blastoderm:
an ultrastructural study. Differentiation 31:14–19.

Vanroelen C, Vakaet L, Andries L. 1980a. Alcian blue staining during
the formation of mesoblast in the primitive streak stage chick
blastoderm. Anat Embryol (Berl) 160:361–367.

Vanroelen C, Vakaet L, Andries L. 1980b. Distribution and turnover
of testicular hyaluronidase sensitive macromolecules in the primi-
tive streak stage chick blastoderm as revealed by autoradiography.
Anat Embryol (Berl) 159:361–367.

Vanroelen C, Vakaet L, Andries L. 1980c. Localisation and character-
ization of acid mucopolysaccharides in the early chick blastoderm. J
Embryol Exp Morphol 56:169–178.

Walz A, McFarlane S, Brickman YG, Nurcombe V, Bartlett PF, Holt
CE. 1997. Essential role of heparan sulfates in axon navigation and
targeting in the developing visual system. Development 124:2421–
30.

Wight TN, Kinsella MG, Qwarnstrom EE. 1992. The role of proteo-
glycans in cell adhesion, migration and proliferation. Curr Opin
Cell Biol 4:793–801.

Yamagata M, Suzuki S, Akiyama SK, Yamada KM, Kimata K. 1989.
Regulation of cell-substrate adhesion by proteoglycans immobilized
on extracellular substrates. J Biol Chem 264:8012–8018.

Zagris N, Chung AE. 1990. Distribution and functional role of laminin
during induction of the embryonic axis in the chick embryo. Differ-
entiation 43:81–86.

Zagris N, Panagopoulou M. 1992. N-glycosylated proteins interfere
with the first cellular migrations in early chick embryo. Int J Dev
Biol 36:439–443.

Zagris N, Stavridis V, Chung A. 1993. Appearance and distribution of
entactin in the early chick embryo. Differentiation 54:67–71.

559CHONDROITIN SULFATE AND CHICK GASTRULATION


	INTRODUCTION
	RESULTS
	TABLE 1.
	Fig. 1.
	Fig. 2.
	Fig. 3.

	DISCUSSION
	EXPERIMENTAL PROCEDURES
	ACKNOWLEDGMENTS
	REFERENCES

