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CLEAVAGE, BLASTODERM FORMATION, AXIS FORMATION,
AND HYPOBLAST FORMATION IN THE CHICK EMBRYO

Development of the bird egg begins with fertilization of the ovum in the mouth

of the oviduct. Enveloping layers form around the zygote as it passes down the
_oviduct and enters the uterus. In the uterus, the zygote, which is a disc of
cytoplasm atop a large yolk mass, cleaves into a thick disc of cells, the blastoderm,
with a cavity beneath (Fig, 9A,B). The future anterior-posterior axis is determined

while the blastoderm sheds many cells into the cavity beneath, and while other

cells intercalate from the lower layers into the uppermost layer, forming a
single-layered, more translucent region, in the central region of the blastoderm,
called the area pellucida, from which the embryo will later arise (Figs. 9C, 10).
The egg is laid in this condition and further development requires incubation. In
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Fig. 9. Sections through the future midline of chick embryos during cleavage,
axis formation, and hypoblast formation. Posterior is to the left and anterior to
the right, using Von Baer's rule. A. Early cleavage. Eyal-Giladi and Kochav
stage I. B. Cleavage has produced a blastoderm five to six cells thick. Stage VI
C. Blastoderm cells of the lower layers have shed into the subgerminal cavity,
and others have intércalated into the upper layer which is now but one cell thick.
Stage X, as the egg is laid. D. After the egg is laid and incubated, the hypoblast
and blastocoel have formed. Stage XIII. All figures are drawn to the scale
indicated. (Drawn from photos in Kochav and Eyal-Giladi, 1980.) 4
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the first few hours of incubation, some cells ingress beneath the area pellucida and
form a lower layer called the hypoblast (Figs. 9D, 10). We now describe these
events in more detail. | ,

. The ovum of the chick, Surrourided by its vitelline membrane, is shed into the
infundibulum of the oviduct where it is fertilized. During the approximately five
and a half hours that it takes the zygote to traverse the oviduct, layers of albumen
and two shell membranes are enwrapped about the egg. The chick zygote consists
of an island disc of cytd_plasm; étop the massive sphere of yolk. _Cleavage begins

after the zygote enters the uterus. The embryo takes about 20 hours to pass the
length of the uterus and be laid. While in the uterus, the egg is rotated around its

long axis by uterine muscles at 10 to 15 rounds per hour, and this rotation has a '

role in axis formation. The calcareous shell is secreted by the uterus.

To study development of the embryo in the uterus, the hen is sacrificed and the
enclosed eggs examined, as done by Patterson (191 0) and others, or the eggs may
be aborted manually for study (Kochav and Eyal-Giladi, 1971). The considerable
development of the egg thaf takes place during the 20 hours spent in the uterus and
the first few hours of incubation after the egg is laid has been described and staged
(roman numerals) by Eyal-Giladi and Kochav (1976) and Kochav, et al. (1980).
The description that follows of this period of development is derived from those
papers, and from the reviews by Eyal-Giladi (1984) and Vakaet (1984a).

~ Cleavage is superficial and is initially incomplete. Cells are open to the yolk

underneath and periphérally (Fig. 9A). The earliest cleavage furrows are all

vertical, but eventually furrows spread beneath some of the central cells to form
closed cells. The pdttern of cleavage is variable. Stéges I to VI are cleavage
stages and occur during the the first eleven hours that the egg is in the uterus. The
disc of cytoplasm of the zygote is about 2 millimeters in diameter. During cleavage
the ‘diameter of the disc decreases somewhat while the thickness increases. By the
end of the cleavage perio‘d (stage VI), the entire disc of cytoplasm has been cleaved
into complete cells (Fig. 9B). The central area is five to six cells thick. Beneath
the disc a subgerminal fluid-filled cavity has formed that separates the blastodisc
from the yolk. The disc can now be considered a blastoderm. From this flat
blastodemi, all of the parts of the embryo and the extraembryonic regions will
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Fig. 10. Views of the ventral surfaces of chick embryos after hypoblast

* formation (Stage XIII), and later, after accumulation of a bridge of cells that will

initiate the primitive streak (Stage XIV). Koller's sickle has been the source of
the posterior hypoblast cells. Anterior (A) is at the top, and posterior (P) is at the
bottom. (Drawn from photos in Eyal-Giladi and Kochav, 1975).

become segregated.

During cleavage stages, thcre is no basement membrane (no detectable
fibronectin or laminin, Mitrani, 1982). During early cleavage, the nuclei lack
nucleoli, but nucleoli form and begin to function by the end of cleavage stages
(Eyal-Giladi, 1984). , ‘

Following cleavage stages, and during the rest of the period in the uterus
(stages VII to X, 12 to 20 hours in the uterus), the area pellucida forms.
Eyal-Giladi and Kochav (1976), Kochav et al. (1980), and Fabian and Eyal-Giladi
(1981) describe the shedding of cells from the deeper layers of the blastoderm into
the subgerminal cavity during formation of the area pellucida. The shed cells
degenerate in the subgerminal cavity. Up to stage VI, the cells of the lower layer
are interconnected by filopodia, but at stage VI some of these cells withdraw gleir
filopodia and begin to round up (Fabian and Eyal-Giladi, 1981). The cells Bégin
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to shed at stage VII. Shedding begins in the future posterior end of the embryo
and proceeds anteriorly. By the time the egg is laid at stage X, the formatron of the
area pellucida is complete and the border with the thicker area opaca (the outer
annulus of blastoderm still attached to the yolk) is sharply defined (Fig. 9C).

During area pellucida forrnatron, the thlckness of the blastoderm is reduced from |

five to six cells to a layer just one cell thick.

Beginning at stage VII, after the cleavage stages, the diameter of the blastodrsc

begins to increase. Cell drvrsron, of course, continues dunng this penod The
literature is not clear as to when cell drvrslon leads to growth but Downie (1976)
has observed that cell volumes i m the extraembryomc epiblast are halved with each
division during the first day of mcubatlon after the egg is lald but thereafter cell
division is followed by a growth penod that restores the size of the daughter cell to
that of the mother cell. It would seem likely, therefore, that cell proliferation does
not produce growth during utenne stages. This leaves open the. questlon of how
the blastoderm expands durrng these stages. One possibility is that expansron
results when cells of the deeper layers intercalate with cells of the surface layer.
Vakaet (1984a) favors the view that deeper cells mtercalate with cells of the surface
layer during area pellucida formanon, leading to the expansion of the surface layer.
Both Vakaet and Eyal-Grladr are hke]y correct, that i is, both intercalation and cell
sheddmg may be occurring dunng area pellucida formatron The newly-laid hen's
egghasa blastoderm that is 4mm i in diameter, compared to about 2mm in diameter
in the zygote. Thus about a doubling of diameter of the blastodem and a
- quadrupling of its surface area occurs during later development in the uterus.

The critical period for axis fonnatron is from the end of stage VII to the middle
of stage VIII (14 to 16 hours in the uterus) (themberger and Clavert 1960).
This period coincides with area pellucida formatron and cell shedding from the
Tower surface in the posterior regions of the blastoderm The anterior-posterior
axis of the embryo can be predrcted with the well-known rule of Von Baer (1828).

Holding the egg with the sharp end of the shell to your right, the anterior-posterior

axis will be at right angles to the long axis of the shell, and with the posterior end
toward you. Normally the egg is laid pointed end first.
Vintemberger and Clavert correlated the direction of rotation of the egg m the
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uterus with the polarity of the axis. The future anterior end forms m the direction
of rotation. In an egg at rest, the circular blastoderm sits atop the attached massive
yolk. When the egg is rotated, the heavy yolk remains nearly stationary and the
albumin, shell membranes and shell rotate about it. Kochav and Eyal-Giladi

~ (1971) have demonstrated that gravity imposes the direction of the axis. They

removed uterine eggs and rotated them, observing the position of the blastoderm.
The blastoderm was tilted somewhat in the direction of rotation, and the posterior
end always formed on the uphill side. They also showed the axis could be
imposed by gravity without rotation by hanging the egg in a beaker of normal
saline by one chalaza (the spiral of thick albumen at each end of the yolk), or by
incubating whole eggs in vertical positions, either blunt end up or sharp end up.
In these cases, the yolk is unable to rotate and the blastoderm is on one side rather
than on top and the uppermost side of the blastoderm always formed the posterior
end of the embryo. If the blastoderm is kept in a horizontal position w1th relation
to gravity, then no axis is formed (Olszanska etal.,1984).

When the egg is laid at stage X, after about 20 hours of development in the
uterus, the area pellucrda has formed and the underside of the blastoderm in the
area pellucida has begun the next phase of development, the formation of the
hypoblast. Polymvagrnatlon (ingression) of small cells from the upper epithelial
layer results i in patches of eprthehum on the lower surface. The basal surface of
this new eprthehum is upward toward the basal surface of the epiblast. The

- numerous investigators that have contributed to this understandmg are cited by

Eyal-Giladi (1984, p. 249). A second source of hypoblast cells, the prospective

- posterior portion of the hypoblast, is first seen as a concentration of cells in a

crescent form (Koller's sickle, Fig. 10) near the posteriorend of the area pellucida.
A shelf of hypoblast epithelium emerges from this sickle of cells, which have
emerged from what will be the posterior margmal zone (Spratt and Haas, 1965;

Azar and Eyal-Giladi, 1979), and extends anteriorly, becoming confluent with the
patches of ingressed cells encountered along the way until the hypoblast becomes
complete. The overlying upper layer of blastoderm then can be termed the epiblast.
The hypoblast does not extend peripherally to underlie the entire area pellucrda

The border of the area pellucrda that is not underlain by hypoblast is termed the
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narginal zone. The important conclusion is that some hypoblast cells segregate
hemselves from the epiblast 'by ingression at multiple sites, and a shelf of
onfluent hypoblast cells emerging from the future marginal zone at the posterior
yorder extends anteriorly, joining with the patches of ingressed hypoblast
:ncoumefed along the way. By stage XIII the hypoblast is complete (Figs. 9D,
10). BORIES o i | |

The hypoblast becomes separated from the epiblast by a closed cavity, the
blastocoel. Proba‘bly this cavity begins to form as soon as any portion of the
1ypoblast becomes complete, so it should be expected to appear first in the
pdstexior end whére the hypoblast is first a complete layer. The literature is not
clear on this point. Sodium pumping might be involved in blastocoel formation, as
well as in creating the ion currents that flow out of the primitive streak to be
discussed below. ; |

Hamburger and Hamilton (1951) have staged chick embryos commencing with
incubation after the egg is laid. Reference to their stages is made in roman
numerals. Stages X to XIV of Eyal-Giladi and Kochav (1976) fall within stage 1
of Hamburger and Hamilton.

EPIBOLY

Epiboly in the chick embryo is a monumental task, and is not completed until
after four days of incubation. Eventually the blastoderm spreads to encompass the
entire massive sphere-of yolk.' Epiboly does not begin until about eight to twelve
hours of incubation.(Dowxﬁe, 1974). Cells of the blastoderm do not attach to the
vitelline membrane until five to six hours of incubation (Vakaet, 1962). Prior to
en hours of incubation, cultured epiblast cells stick to one another only briefly,
but after ten hours of incubation, these cells stick to one another'permanen‘tl_y
(Downie, 1974). The active cells in the expansion of the epiblast are those that
occupy the perimeter. These cells have localized adhesive sites on their outermost

upper edges that adhere to the inner surface of the overlying vitelline membrane,

and this adhesion appears to be necessary for the migratory behavior of this
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marginal band of cells that expands the blastoderm, creating considerable tension

on the rest of the epithelium of the epiblast. New (1959) found that blastoderms
only expand when their mai‘gir;s are spreadixig. and a marginal band of cells
isolated from the rest of the blastoderm will expand by itself on the vitelline
membrane. New (1959) also demonstrated the localization of the adhesive region
of the marginal cells by placing a blastoderm upside down on the undersurface of
the vitelline membrane, after which the blastoderm edge turned under itself as the
adhesive upper edge attached to and migrated on the membrane. |

At the start of epiboly, the epiblast cells compose a low columnar epithelium,
but soon the epiblast cells become flattened (squamous) and remain that way
during the period of epiboly (Downie, 1976). This flattening is likely due to the
tension in the blastoderm produced by the centrifugal expansion of the blastoderm
caused by the edge cells migrating égainst the vitelline membrane. The amount of
tension would be affected by the balance between proliferation of cells within the
blastoderm and the pulling of the edge cells (Downie, 1976). The active edge
cells are a band about three cells wide and layered two to three cells deep (Downie
and Pegrum, 1971). These cells uhderlap one another so that the outermost
perimeter consists of just kth,e leading lamellipodia ofa single set of outermost cells.
These lamellipodia pull on the underside of the vitelline membrane. - Trinkaus
(1984b) cﬁticauy reviews chick epiboly and points out the problem of whether or
not the underlapping cells advance to take a tumn at pulling, and whether there is
cell intercalation and de-intercalation among the edge cells. Since the diameter of
the ring of edge cells changes dramatically during' epiboly, some mechanism is
needed for increasing the ring size until the blastoderm reaches the equator of the
yolk, then decreasing the rihg size thereafter. Individual cell behavior will have to
be examined to settle these questioris. Proliferation of cells occurs in the
blastoderm during epiboly, but the edge cells are not dividing. Since these cells do
not divide, it is necessary to assume that intercalation of cells occurs as the ring of
edge cells increases diameter. The lack of proliferation in the edge cells is
consistent with the observation tliat actively migrating cells do not divide.

£~
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INDUCTION OF THE PRIMITIVE STREAK

Gastrulation of the flat blastoderms of bird embryos is éccomplished through

the activities of a morphological entity called the primitive streak. In this section

we will examine how the primitive streak becomes induced in the epiblast by
interactions with the underlying hypoblast. |

‘Waddington (1932,1933) concluded on the basis of rotation expenments that
the hypoblast induces the tissue movements in the epiblast that lead to formation of
the primitive streak. Spratt and Haas (1960) suggested that the movements within
the hypoblast influenced the formanon of the prlmmve streak, In contrast,
Eyal-Giladi and Wolk (1970) found primitive streak induction occurred after they
had interposed a millipore filter betweén the hypoblast and the epiblast, and they
concluded that pnmmve streak formation is not dependent upon movements w1thm
the hypoblast. ‘ :

By rotation of hypoblast in relationship to the epiblast in precisely staged
blastoderms, and by heterochronic recombinations of hypoblast and epiblast, Azar
and Eyal-Giladi (1981) assessed the temporal cha'n’ges in the inductive ability of
hypoblast and in the response capability of the epiblhst to form a primitive streak.
They concluded that the hypoblast reaches a peak of ability to induce primitive
streak at stage XIII (within stage 1). Within the hypoblast, ability to induce
primitive streak is distributed in a gradient fashion with a maximum at the posterior
end and declining latetally and anteriorly. The epiblast is also maximally
competent to respond to primitive streak induction at stage XIII, with a similar
maximum at the posterior end and a gradient of declining response laterally and
anteriorly. When these two fields (the hypoblast and the epiblast) are rotated in
relationship to one another at stage XIII, the inductive hypoblaét dominates in
fixing the site of primitive streak formation. Followihg stage XIII, competence of
the epiblast to respond declines more rapidly than does the ability of hypoblast to
induce primitive streak formation. Competence to form a primitive streak is
limited to the posterior half of the epiblast at stage 2, and is gone at stage 3. The
ability of hypoblast to induce a primitive streak (in younger epiblast) is still present
at stage 3.
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The ability to induce a primitive streak is restricted to that portion of the
hypoblast that emerges from the posterior marginal zone. Azar and Eyal-Giladi
(1979) removed the hypoblast from stage XIII embryos. New hypoblasts
regenerated and primitive streaks were induced. However, if both the hypoblast
and the marginal zone were removed, then the hypoblast that regenerated could not .

_induce a primitive streak. They concluded that only that portion of the hypoblast

that arises from the marginal zone can induce primitive streak.

- Khaner and Eyal-Giladi (1986) rotated the hypoblast and epiblast in
relationship to the marginal zone, or relocated pieces of the marginal zone from
posterior to lateral regions and vice versa in embryos at stages X to XII. From
these experiments, they concluded that the ablhty to induce primitive streak resides
in the marginal zone at stage X, with a maximum at the posterior end. At stage XI,
the posterior marginal zone is conmbutmg cells to the inductive part of the
hypoblast and the ability to induce the pﬁmitive streak is shifting from the
marginal zone into the hypoblast. At stage XIII the hypoblast is maximally able to
induce and the epiblast is maximally able to respond. Nevertheless, removal of the
hypoblast at this stage is followed by regeneration of an inductive hypoblast if the
‘posterior marginal zone is still present. '

SUMMARY OF PREGASTRULAR EVENTS

~ Cleavage divides a disc of cytoplasm atop the yolk into a disc of cells. The

- cellular disc initially becomes several cells thick, but many cells beneath the surface

layer aré shed in a polar way into the subgerminal cavity (between the cellular disc
and the yolk) where they appear to die. Other cells of the lower layers apparently
intercalate into the surface layer as the area of this upper layer expands. These

“events coincide with axis determination and occur while the egg is being rotated

within the uterus. The yolk and attached cellular disc are tilted with respect to
gravity during rotation, and the axis is fixed so that the posterior end is on the
highest side of the cellular disc. After shedding and spreading, the blastodxsc is
just one cell thick in the central region (area pellumda), but thicker penpherally
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here it attaches to the yolk (area opaca).

‘The next event is the formation of the hypoblast, which occurs when the egg is
1cubated after being laid. Cell ingress from the surface layer at many sites
"polyinvagination”) and form patches of pfospective h}rpoblast. Other cells
1gress from the posterior marginal zone of the blastodisc to form a shelf of cells
1at then extends anteriorly, becoming confluent with the patches of hypoblast
/hen encountered. The end result is a flat blastoderm composed of epiblast (upper
ayer) and hypoblast (lower layer) with a fluid-filled cavity between (the
lastocoel). These are the conditions when gastrulation begins. The postenor
ypoblast induces the primitive streak which initiates gastrulatxon

yASTRULATION

At the beginning of gastrulation, all three prospective germ layers of the
mbryo are located in the epiblast. The hypoblast is not a part of the embryo, and
t most is involved in gastrulation only passively. The main role of the hypoblast
,to induce the primitive streak. , |

-How a flat blastoderm gastrulates is best understood in the chick embryo.
ather than a whole sheet of cells involuting into the interior through a blastopdre,
s in amphibian and other embryos, chick gastrulation is a more subtle
onvergence of epiblast cells, and ingression of endodermal and mesodermal cells
om the epiblast through a primitive streak. In ﬂus section we will describe the
rganization of morphogenetic events that accomplish gastrulation in this form.

Mesoderm induction and the earliest phases of initiation of the primitive streak
ccur during stages X to XIV of Eyal-Gi]adi and Kochav (1976). Asnoted aboVe,
1ese stages are early phases of incubation following the laymg of the egg, and
oincide with Hamburger and Hamilton (1951) stage 1.

Gastrulation begins after the embryo has formed an epiblast and hypoblast,
nd during most of gastrulation, epiboly exerts a centrifugal tension in the epiblast.
t stage XTI there is a marginal zone free of hypoblast between the hypoblaSt and
i1e area opaca. At the end of stage 1 (at stage XIV), a bridge'of cells accumulates
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spAanning the posterior marginal zone (Fig. 10). These accumulating cells are the
beginning of the primitive streak (Eyal-Gnladl and Kochav, 1976).

After first appearing as a massmg of cells at the posterior end of the epiblast,
the primitive streak extends anteriorly to its fullest length at stage 4 (Fig. 11).
During the extension of the primitive streak, the entire blastoderm is distorted from
a disc into a pear shape (Fig. 11). The new forms probably involve distortions of
the eplblast in response to the centrifugal force of epiboly and the polar
convergence occurring in the streak, and rearrangements of the cells in respect to
their neighbors since a permanent record of tensions is not reflected in the shapes
of the cells most of which become isodiametric after brief distortions.

The exact mechanisms of streak formation are not known, but the movements
of the cells have been deduced from fate mappmg, using markers of various sorts,
and from time-lapse cmematography (see Bellairs, 1971 for references). As
indicated in the drawings (Fig. 11), the streak is initiated as cells converge to the
posterior midline, and as convergence continues, the streak elongates along the
anterior-posterior axis. This convergence-extension i is much like that seen in the
amphibian embryo and may be due to similar mtercalatlon behavior of the cells.
However, a distinct difference in the avian embryo is the massive ingression of
cells that occurs through the streak region even while the streak is elorigating. As

cells enter the streak, they deform, becoming bottle-shaped in the streak, and

carrying the deformation to the extreme of reducing apical surface to a point, then
detaching as they ingress beneath the streak. Because the cells all change to a
bottle shape, the cell densxty is consxderably greater in the streak than in the rest of -
the epiblast. :

As the pnmltlve streak is formmg, individual streak cells mgress through a
basal lamina (Mitrani, 1982; Vakaet, 1984b) Streak cells begm blebbing basally
as they converge toward the midline of the streak (Vakaet, 1984b). As the streak
forms, the basal lamina is le‘s‘t‘ beneath it (Sanders, 1984). When streak cells

‘ingress, they detach from the epithelial epiblast and begin to migrate as

mesenchyme cells. Considerable behavioral differences result from the conversion
from epithelial cell to mesenchymal cell.
Epithelial cells have an aplcal -basal polanty and they attach laterally one to
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Fig. 11. Fate maps on the dorsal surfaces of chick embryos (A - F, H) at stages
when the primitive streak (dotted areas) forms and extends. The stage numbers
are those of Vakaet (1962) followed (in parentheses) by the equivalent stages of
Hamburger and Hamilton (1951). In G and I, the epiblast is removed on the
right half to reveal the underlying mesoderm and endoderm. Ec =ectoderm, A =
axial mesoderm, P = paraxial mesoderm, LP = lateral plate mesoderm, E =
endoderm of the embryo, X = extraembryonic mesoderm, MZ = marginal zone.
Arrows indicate the directions of cell movements as observed by Vakaet (1984a).
These figures are a synthesis from maps of Vakaet (1984a) and Rosenquist
(1966). The distribution of tissues within the primitive streak is our best guess.



334

another by specialized junctions and by cell-cell adhesion. Cytoskeletal elements,
including intermediate filaments and actin filaments, attach within the cells to the
junctions so that a structural integrity exists across the whole epithelium,

Mesenchymal cells migrate individually or in bunches and in general are
surrounded by considerable extracellular matrix, VMesenchymalv CeIIS have no fixed
apical-basal polarity. Contacts between cells are not extensive and are made and
broken repeatedly. Nevertheless, cells that ingress through the primitive streak to
emerge as mesenchymal cells that disperse beneath the epiblast are organized

immediately into patterns,

The mechanical propertres of mesenchyme and eprthelrum are qmte drfferent ,

Cells in an epithelium have extensive interfaces and adhesive contacts between the
lateral surfaces of the cells, and are tightly bound to one another by apical
junctional complexes. Epithelial cells transmit forces to one another directly, via

intercellular junctions, and sustam these forces in the continuous epithelial sheet by

way of the filaments attached to the Junctrons within the cells. Extracellular matrix
associated with eprtheha 1s,mostly located as basal lamina at the basal surfaces of

the cells. Mesenchymal cells are largely surrouhded by extracellular matrix, and

the cells make relatively few contacts with one another, and such contacts are made
and broken easily. Much of the mechanics of mesenchyme depends on
interactions between cells and extracellular matrix. Traction by mesenchymal cells
may distort the extracellular matrix, and reciprocally, the cells may resporxd to
forces exerted upon them by the extracellular matrix. |

While the streak is still formmg and elongating (stages 2 to 4), cells are
ingressing. A population of the first cells to ingress intercalate into the hypoblast
and give rise to the definitive endoderm. The original hypoblast cells are displaced
peripherally during this process (Bellairs, 1953; Vakaet, 1962; Modak, 1966;
Rosenquist, 1971; and others). As endoderm cells from the epiblast are
intercalated into the hypoblast, a mosaic of the two cell types is formed and this
mosaic persists for the period of streak formation ( Azar and Eyal-Giladi, 1983).
One consequence of this is that inductive hypoblast cells persist beneath the streak
during its formation. Eventually, after stage 4, these two populations sort out s0
that the hypoblast cells are peripheral, Such sorting out has been observed in
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explant combinations of the two cell types (Sanders, Bellairs, and Portch, 1978).
The displaced hypoblast becomes the endoderm of the yolk sac stalk (Rosenquist,
1972), | | |

By the middle of stage 3, the prechordal plate (the most anterior axial
mesoderm) has formed as a round patch of cells in the midline anterior to the
streak, and to each side of the prechordal plate, the paraxial mesoderm has
organized into circular domains that are the first pair of somitomeres (Triplett and
Meier, 1982)(Fig. 12). The cells of these structures have just ingressed through
the streak. By stage 4, a second pair of somitomeres is organized lateral to
Hensen's node, and at stage 5, as the streak begins regression (regression is a
posterior displacement and shortening of the streak), additional somitomeres form

~in the paraxial mesoderm just lateral to the regressing node, and the incipient
~notochord at the midline i is laid down in segmental patches (Triplett and Meier,

1982) (Fig. 12). How the loose and ‘wandering mesenchyme cells that compose
these patterns manage to do so is still unknown, but similar patterns are found in
gastrulating embryos of six other species of amniotes, amphibia and teleosts
(Jacobson, 1988). ' i ‘ '
The primitive streak is used up as it regresses and lays down the axial and more
lateral mesoderm. As the streak disappears, the node moves to the caudal end and

~ its remnants are eventually incorporated into the tail bud (see Bellairs, 1986).

' MODELS OF CHICK GASTRULATION

Ingression of the hypoblast could be the result of adhesive differences between
epiblast and hypoblast cells, but since many hypoblast cells seemingly ingress
randomly, it is difficult to suggest how such adhesive differences arise.
Alternatively, adhesive differences could emerge between epiblast and hypoblast
cells after ingression of the hypoblast cells, and the ingression could be the result
of other factors.

Once the hypoblast is segregated and formed into a complete layer, a closed
compartment is created between epxblast and hypoblast that could facrhtate the
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Fig. 12. Dorsal views of chick embryos wrth the eprblast removed to show the
distribution of axial and paraxial mesoderm at three Hamburger and Hamilton
stages. The primitive streak is indicated by the dotted areas. Stage 3+,
extending streak. Stage 4, maximal extension of the streak. Stage 5, after some
streak regression. P = prechordal plate (the most anterior axial mesoderm). The
circles indicate somitomeres, and the numbers within the circles the order of their
appearance. At stage 5, notochord (shaded) lies between prechordal plate and
streak. (Modified from Jacobson, 1988) . :

organization of electrical currents that arise during primitive streak formation.
Primitive streak formation and stabilization may rely on these ion currents. The

primitive streak is the site of exit of strong electrical currents that re-enter through -

the epiblast (Jaffe and Stem, 1982) These currents were measured with a
vibrating probe. Stern (1982) has found that the eplblast 'has a trans-epithelial
potential such that the basal surface is more positive than the apical surface.
Sodium ions enter the aprcal surface passively and are pumped out at the
basolateral surface by a sodium-potassium ATPase. Water follows the osmotic
gradient that the pump generates Sodium and water accumulate in the cavity
between the epiblast and the hypoblast. - e

The ATPase has been locahzed by autoradiography of epiblast after exposure to
tritiated ouabain (Stern and Mackenz1e, 1983). In the epiblast, the oubain binds to
the basal surface, but binds basolaterally in the forming streak, and binds on the

upper surface in the formed primitive streak. The polarity is thus reversed within - |

the streak. Experimental reversal of polarity of electric currents through the
epiblast results in positioning of extracellular matrix of basal lamina on the upper
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rather than the lower surface of the ei)iblast (Stern, 1982). These observations
may account for the ingression of cells through the streak.

Stern (1984) proposes that the epiblast transports sodium and water into the
blastocoel between -its basal surface and the hypoblast. When the basal
concentration of sodium or the hydrostatic pressure exceed a threshold, the
sodium-potassium ATPase stops pumping, This likely starts 'beneath the forming
streak where the hypoblast is first continnous. As cells accumulate sodium, their
junctions with adjacent cells open and they detach from the epiblast. Calcium is
released from intracellular pools and activates contraction of apical microfilament
bundles that then deform the cells to a flask shape and aids their detachment. The
calcium also activates migratory activity and the cells ingress into the cavity below
the epiblast. The opening of the junctions allows sodlurn and water to ﬂow to the
upper surface, a reversal of polarity in the cells, transport of sodium up through
the primitive streak, and a,clrculatmg current that stabilizes and localizes the streak.

Transport of sodium by the epiblast could thus lead to formation and stabilization
of the primitive streak and ingression of cells through it.

Patterns of Adhesion and Fate Maps in a Chick Embryo

During gastrulation, there is considerable distortion of the epithelial epiblast.

- These distortions are seen in fate maps in Fig. 11. These maps, modified from

Vakaet (1984a) and Rosenquist (1966), are a synthesis from previous maps made
by following marked cells using vital staining, carbon marks, transplantation of
cells treated with tritiated thymidine to non-treated hosts or transplantations of
cells between chick and quail embryos Vakaet also followed movements with
time-lapse video cmematography. These changes in the fate maps during
gastrulation might be partly accounted for by adhesive differences that lead to
sorting out in the plane of the epiblast. Sorting out of cells in a two-dimensicnal
tissue has been demonstrated by Garrod and Steinberg (1973).

We propose a model invoking adhesive differences among the domair}s of

prospective tissues seen on the surface of the epiblast in the fate maps. The model
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is generalized and modified from the differential adhesion hypothesis developed by
Steinberg (1963; 1970). Many of the movements seen could be explained if the
following hypotheses were true: o

1) The epiblast consists of different domams of cells. 'I'he adhesive affinity
between cells varies among the domains in the following hierarchy Marginal zone
(MZ) > Ectoderm (Ec) > Apical mesoderm (A) >Paiaxial mesoderm (P) > Lateral
Plate niesoderm (LP) > Extraembryonic mesoderm (X) > Endoderm (E). This
proposed order is similar to that which has been demonstrated for affinities among
frog deep eells, that is, ectoderm > mesoderm > endoderm, as discussed above.

2) The cells at a particular level have a greater affinity for cells higher in the

order than among themselves, and less for cells lower in the order.

3) The cells of the epiblast migrate within the plane of the epithelium and
change contact relations with neighboring cells in ways that will increase the
strengths of adhesion of their contacts. k o

4) When the axis is determined, the prospective marginal zone becomes most
adhesive at its posterior edge. |

' Given the proposed adhesion hierarchy, the preincubation pattern is unstable
and neighbor exchanges may occur that will reorder the pattern and produce greater

stability. The pattern that can emerge is constrained by the original ordering to

those new sorts of contacts that cells can make, since cells can interact adhesively
only with other cells that they _contact. For example, the highly adhesive marginal
zone originally surrounds all the other tissues, and there is no way that the
expected engulfment of the marginal zone by any of the other tissues it encounters
can occur. A ‘

“Extraembryonic mesoderm and ectoderm both abut the marginal zone, but
ectoderm is much higher in the adhesive hierarchy than this mesoderm, so as cells
move randomly about at the common boundsry of ectoderm, extraembryonic
mesoderm and marginal zone, ectodermal will replace mes‘Odermal contacts with
the marginal zone and the ectoderm-marginal zone boundary will increase in
length. This would produce a convergence of ectodermal cells toward the
posterior midline (Fig. 11C), and concomitant rearrangements of cells within t.he
mesodermal reglons as they become driven toward the postenor midline.
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The cells within the semi-annulus that represents the region of prospective

endoderm (Fig. 11A) are out of their hierarchical adhesive order in relation both to
the lateral plate cells to one side and the extraembryonic mesoderm cells to the
other. Lateral plate and extraembryonic mesoderm are higher in the adhesive
hierarchy than is endoderm, so they will adhere more with themselves and with
one another than either will with endoderm. Similarly, the mesodenns should
adhere more strongly with eotoderrn than would endoderm.v As cells move about,
probably randomly, mesoderm cells will replace endoderm cells at the ectoderm
boundary, then the two mesoderms will stay abutted whenever they contact at the
expense of contacts with endoderin. The endodermal cells are inevitably driven
into -the configuration that provides the least boundary with surrounding
mesoderm, that is, a circle. The beginning of this _process is seen in Fig 11B.
This set of cellular rearrangements amounts to a convergence toward the posterior
midline, augmented by the effects of the ectoderm rearranging along the marginal
zone boundary (Fig. 11C).
- As the lateral-posterior ectoderrn converges toiavard the posterior midline, a
tension would be exerted on the remaining ectoderm that would draw the ectoderm
ina wheeling motion away from the anterior midline and also pull on the midline
of the mesoderm, stretching it toward the anterior pole (arrows, Fig.11C, D).

As cells converge toward the posterior midline, some cells pile up at the
midline, forming the incipient primitive streak (Fig. 11C).‘ The arrival of excess

cells at the midline may relaxlocally'some of the constant centrifugal tension

produced by epiboly, allowing the posterior edge of the blastoderm to bulge. The
stretching of the forming primitive streak in the anterior-posterior axis tnay be
partly due to relaxation of some of the tensions of epiboly, and partly due to
pulling anteriorly by the ectoderm in the midline there (but this topic is discussed
further below). ,

The process of convergence produces a rounding up of the mesodermal and
endodermal areas that would reduce the lengths of some boundaries between
domains of cells of different adhesiveness, as should be expected. The rounding
up is distorted from circles by stretchmg in the anterior-posterior axis as, the
pnnutlve streak elongates (F1g 11D, H) This stretchmg in the antenor-postenor
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direction is not accounted for by the adhesion model and will be discussed further
below. , ; |

Some distortion from a circle of the endodermal area is possible without
increasing its ‘boundary with surrounding tissués because ingression of
endodermal cells through the streak, starting at least by Vakaet stage 4
(Hamburger and Hamilton stage 3) (Fig. 11D), reduces the area of endoderm that
remains on the surface. Likewise, somey reduction of the area r:omposed of
endoderm in the streak occursvwhen' these endodermal streak cells elongate and
reduce their apical areas. Extraembryon_ic mesoderm ingresses through the streak
possibly beginning even earlier ﬂian the endoderm. ,

“ Paraxial mesoderm and axial mesoderm begin ingressing through the streak
between the stages shown in Figs.11E and 11H, The prechordal plate (axial) and
the first pair of somitomeres (paraxial) are established during the stage shown in
Fig. 11E, and a second pair of somltomeres is established by the stage shown in
Fig. 11H (Triplett and Meier, 1982).

Maximum length of the primitive streak is reached at the stage shown in Fig.
11H. The streak rhen regresys'e"s posteriorly while ingression reduces it volume and
length. Notochord is laid down in segmental units in the axis by the regressing
streak (Triplett and Meier, 1982), and additional paraxial somitomeres and lateral
plate are laid down laterally’ During streak regression, as ingression of cells
reduces its volume, the boundary of mesoderm with the more adhesive ectoderm is
reduced as should be expected. Eventually the ectoderm converges postenor to the
regressing streak so the whole streak is surrounded by ectoderm.

The hypothesis that the axrs is defined by an adhesion gradient highest i in the
most posterior margmal zone is one simple way of relating the site of primitive
streak formation to the determinative events of axis formation that occurred in the
uterus. The bridge of cells that gather at the posterior marginaI zone (Fig. 10) as
the forerunners of the primitive streak could gather there by following an adhesion
gradient. As the ectoderm converges toward the posterior midline, its cells would
be running up an adhesion gradient. Until replacement by the ectoderm, the
prospective extraembryonic mesoderm should also converge along the adhesion
gradient of the posterior marginal zone. This hypothesis is not essential to the

341
general argument of this model, but it adds some greater efficiency to it.

Events That May Contribute to the Elongatwn of the Primitive
Streak

As noted above, the adhesion model does not account for the distortion of the
endodermal region into a rod extending between lateral plate and paraxial

: ‘mesoderm in the anterior streak (Fig. 11D). Vakaet (1984a) states that endoderm

ingresses through the anterior streak beginning at his stage 4 (Fig. 11E). He says
that the anterior streak is a mixtﬁre of endoderm and mesoderm with endoderm
dominating at his stage 4, and mesoderm dominating at his stage 6.- We have
drawn the txssues within the streak at these stages (Figs.11C-H) as we mterpret
they may be. There is no firm data on their actual distribution. Since Triplett and
Meier (1982) have shown that some axial and paraxial mesoderm has already
ingressed by Vakaet stage 5 (Fig. 11F), there must be at least some of these tissues
in the anterior streak at the previous stage (Vakaet stage 4).

In any event, the endoderm protrudes cranially between lateral plate and
paraxia1 mesoderm at some stages, and this is contrary to expectatioris from the
adhesion model. Other events are occurring that may contribute to this
arrangement. ‘

As the pnmmve streak forms, the cells that occupy the streak become densely
packed because they assume bottle shapes with greatly reduced apical areas. Itis
in these cells that the ion current is the reverse of that in the rest of the epiblast
(discussed above). This reversé ion current, besides perhaps influencing the cells
to ingress, might at least temporarily moderate the adhesion characteristics of the
streak cells. The streak cells lack the basal lamina found under the rest of the
epiblast, so they can adhere only Iaterally, while the rest of the epiblast cells adhere
basally to a basal lamina as well as to nelghbonng cells.

Another factor affecting epiblast cells as they enter the streak is a possible
response to chemical signalling. ' A microelectrode loaded with cAMP (cyclic
adenosine monophosphate) placed on the ventral surface of an explanted chlgk
embryo causes the elongatmg pnmltxve streak to divert toward the source
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(Robertson and Gingle, 1977). Robertson, Grutsch and Gingle (1978) also found
that chick embryo cells release cAMP when stimulated with cAMP within a limited
physiological range of concentration. Chemical srgnallmg may thus have a role in
cell behavior during primitive streak formation, and this could over-ride adhesive
charactensncs If so, one would expect that the normal s1gnalhng source would be
“Hensen's node.

The directions of movements that would result from the processes proposed

here and illustrated in Fig. 11 are those that are actually seen in the epiblast during
‘gastrulation (Vakaet, 1984a, p. 78).

Cell Migration Following Ingression, and Regression of the
Primitive Streak '

After cells ingress through the primitive streak, they then encounter a ‘complex
environment that includes variations in extracellular matrix and in adhesive
kproperties of matrix and neighboring cells. The means by which the mesoderm
cells become properly distributed beneath the ectoderm (Fig. 11G, I) are still
unresolved (see review by Bellairs, 1986), but many studies have‘begun to define
the nature of the extracellular matrix at these stages. Certainly one or more
components of the extracellular matrix, if properly distributed, could help guide the
migrating mesodermal cells to their proper posmons The cells could, for
example, be following an adhesion gradient. The mesodermal cells could also be
sorting out amongst themselves, or they could be moving laterally due to
population pressure;' and their fates be set by their order of ingression and/or by
interactions with the local environment. These possibilities are not mutually
exclusive, so any combination of them, and possibly of others as well, could be in
operation. e ;

The primitive streak reaches its maximum length at Vakaet stage 6, or
Hamburger and Hamilton stage 4 (Fig. 11H). This stage is followed by a

regression of the primitive streak posterally and a laying down of the body axis.
anterior to the streak as it regresses. Regression of the primitive streak is a

posterior displacement of the entire streak, and a simultaneous decrease in streak
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length and volume. Streak regression probably begins when the amount of
ingression of cells begins to exceed the a_ddihg of new cells to the streak from
convergence of lateral epiblast, ‘ v

As axial mesoderm is put into place anterior to the streak, it begins or
continues its typical convergent extension movements and this may help drive the
streak caudad. As explained below, the notoplate in the midline of the emerging
neural plate also does convergent extension, helping to elongate the axis. The
streak may also be pulled candad by the centrifugal tensions of epiboly.

COMPARISON OF CLEAVAGE THROUGH GASTRULATION IN

- THE AMPHIBIAN AND THE CHICK

Axis determination begins earlier in thefrog than in the chick. In both an
essential radial symmetry is converted to bilateral symmetry by processes that
normally involve gravity.

The entrre egg cleaves (' complete cleavage") in many amphibian embryos, but
cleavage in the larger chick egg is limited to the patch of segregated cytoplasm on
the upper surl’ace of the massive yolk, and cleavage of the patch is superficial and
incomplete. In the amphibian with complete cleavage, a spherical blastula with an
internal cavity, the blastocoel, results. The end result of cleavage in the chick egg
is a flat disc of cellular blastoderm over a subgerminal cavity. In the chick, the
blastocoel is formed later between a later-forming bottom layer, the hypoblast, and
the overlying epiblast. ' ‘ »

Sodium pumping by the prospective blastocoel roof may have a role in
blastocoel formation in the frog embryo, and possibly also in the chick embryo.
Once the chick forms a closed blastocoel, sodium pumping creates ion currents that
could help form and stabilize the primitive streak. There are ion currents in
amphibian gastrulae that may also affect blastopore formation and gastrulation.

‘Nieuwkoop (1969) points out that the timely appearance of the blastocoel of the

amphibian embryo prevents the entire ectoderm from being indircecl to form
mesoderm by induction from the vegetal endoderm. Once the blastocoel is in
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existence, only the ectoderm that abuts the vegetal endoderm around the equator is
induced to form mesoderm, and one special region of that endoderm
(Nieuwkoop's organizer) induces the axial area.

In the chick embryo, the mesoderm is induced by hypoblast that emerges as a
sheet from the posterior prospective marginal zone (from the region of Koller's
sickle, see Fig. 10). The leading edge of the posterior hypoblast (extraembryonic
endoderm) is comparable in the chick to Nieuwkoop's organizer in the amphibian.
This leading edge induces axial mesoderm from areas closest to the center of the
blastoderm, and paraxial mesoderm, lateral plate, embryonic endoderm, and

extraembryonic mesoderm are induced from regions successively more peripheral.

Spemann's organizer, located on the dorsal lip of the blastopore in the amphibian -

early gastrula, is located in Hensen's node at the anterior end of the primitive
streak in the chick embryo. In both cases, transplantation of the organizer to
another site in the early embryo may induce a second axis.

The amphibian embryo has bottle cells that initiate blastopore formation. The
comparable cells in the chiék embryo would be the anterior endoderm cells. These
cells ingress rather than invaginate, except they may, as they shrink their apical
surfaces before ingressing, help form the pit and furrow of the streak. Whether
cells that becomes bottle shaped ingress or cause the epithelium to invaginate is
likely due to slight differences in the adhesive relationships with their neighbors.

During gastrulation in both amphibia and chicks, rearrangements of the
prospective ectoderm, mesoderm and endoderm may be guided by adhesive
differences among the different domains of cells. Once the mesoderm and
. endoderm are internal, by invagination and involution of cells through the
blastopore in the amphibian, or by convergence and ingression of cells through the
primitive streak in the chick, the mesoderm migrates extensively under the
blastocoel roof or the epiblast. Migration in each case is on an extracellular
interface, the basal lamina of the amphibian blastocoel roof or the basal lamina of
the chick epiblast. The basal lamina contains, among other things, fibronectin and
laminin, though the laminin is mostdy on the side toward the overlying cells (Meier
and Drake, 1984). Some evidence suggests that the extracellular matrix may have
some role in the migration of the gastrulated mesoderm.
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