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ABSTRACT

The development of the chicken stomach, particularly its
asymmetrical and glandular morphogenesis is poorly understood. From a
straight epithelial tube the gizzard endoderm evaginates dorsally to
form the basic asymmetrical shape. It is suggested that evagination
might be brought about by contractile elements in the dorsal bulging
epithelium. The cell proliferation rate, examined by tritiated
thymidine autoradiography, decreased in the bulging epithelium. Thus
cell proliferation was not responsible for evagination morphogenesis.
Expansion of the gizzard dorsally was achieved by differential
localization of cell proliferation to the dorsal-most epithelium.
There was also differential localized cell proliferation to the
dorsal-most mesenchyme.

The morphogenesis of the proventricular exocrine tubular
glands was described using transmission electron microscopy and
tritiated thymidine autoradiography. Development began by numerous
evaginations in the rapidly dividing endoderm in which population
pressure might have been developing. Evaginations were also brought
about by cell shape changes which were thought to be caused by
contractile elements. Localization of cell proliferation to the
distal expanding tubule was the mechanism by which the glands
expanded.

The morphogensis of the gizzard tubular glands was also
examined using light and electron microscopy. From columnar cells the
epithelium became stratified in morphology and penetrated the
underlying tunica propria. Deep in the stratified layer, microlumina

formed between the cells which were delineated with junctional



complexes. These were similar to the apical junctional complexes. The
microlumina coalesced, expanded, and eventually opened up to the main
lumen. A changing pattern of mitotic figures was noted. The pits
developed by cell detachment and invasion by the underlying

mesenchymal papilla.

Epithelial cells from the transient stratified stage were
examined in tissue culture. They mimicked their in vivo behaviour and
managed to form small microlumina when plated on gizzard fibroblasts

of the same age.
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CHAPTER ONE

GENERAL INTRODUCTION

In embryonic development, pattern formation is the process
whereby the spatial organisation of the cellular differentiation is
specified. Morphogenesis, on the other hand, is defined as changes in
form. The pattern formation process precedes the change in form, and
it is by the patterning process that cells are specified so that they
will exert forces required for their morphogenesis (Wolpert, 1981).

Studies of the development of the gastrointestinal tract are
not new. Many important and sophisticated observations were made more
than 100 years ago. However, there are still areas of obscurity in our
knowledge of the development of some parts of the gut and its
associated glands.

In the viscera and in particular in the gut and related
glands and structures, gross asymmetry of shape is marked and
commonplace. The hallmark of stomach morphology, be it in man, other
mammals, the chicken, or the frog, is gross asymmetry with the dorsal
greater curvature and shorter lesser curvature. The small intestine is
thrown into repeated looping and falls into an asymmetrical position
after consecutive rotational manoeuvres. The heart is also
asymmetrical, and in foetal development, the first event is a C-shaped
right looping. The duodenum too, is made up of a C-shaped curve to
the right of the midline. The liver, the largest organ related to the
gut, is also grossly asymmetrical, and so is the pancreas.

Another unique character of the gut is the presence of

several types of glands that provide the different secretions of the
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gastrointestinal tract. On the surface of the epithelium, in most
parts of the alimentary canal, there are many single cell mucous
glands (goblet cells). There are also long invaginations into the
submucosa, forming pits, like the crypts of Lieberkuhn. In the
stomach and the gizzard there are a large number of simple tubular
glands. Finally, and associated with the gastrointestinal tract, there
are the complex glands, like the salivary glands, the pancreas, the
proventriculus, and the liver, which provide for secretion, digestion
of food and metabolic processes.

In the vertebrates, the oesophageal and stomach area
develops from the foregut region that extends from the pharynx
cranially to the liver and pancreas caudally. In the development of
the vertebrate stomach, there is a generalised condition, in which it
enlarges dorsally forming a longer convex dorsal border and a shorter
ventral border as in man, pig, or frog. However, in amphioxus, a true
stomach is not found, where the oesophagus continues to the large
intestine. In the chicken, a proximal glandular proventriculus
develops between the oesophagus and the gizzard, which is
asymmetrical. In the cow and sheep, the stomach is made up of three
pouches, the rumen, reticulum, and omasum before leading to the true
stomach (Nelsen,1953).

In human embryonic development, the stomach appears as a
fusiform dilatation. The dorsal wall then is enlarged at a more rapid
rate than the ventral border producing a convexity. Then 90 degrees
rotation of the stomach positions the dorsal surface along the left
side of the abdomen, and the ventral surface to face the right side,

(Sadler,1984; Moore,1982; Grand,Watkins,& Torti,1976; Arey,1954) thus
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establishing an asymmetrical shape of the stomach.

In the bird, the stomach is made up of two parts. A proximal
symmetrical proventriculus, and a distal asymmetrically dilated
gizzard. This is an arrangement exclusive to the insect and grain
eating birds where the gizzard is particularly massively developed. It
is suited to the function of crushing of the grains, as birds do not
have teeth. The gizzard thus develops massive smooth muscles and a
tough abrasive membrane to be able to crush the grains, and presumably
protect the gizzard lining (Akester,1986). No hydrochloric acid or
proteolytic enzymes are secreted by the gizzard. Instead, the
proventriculus is developed as an exocrine gland to secrete these
agents (Hodges,1974).

The distal muscular gizzard is of an asymmetrical shape. It
is a grossly dilated organ with a longer greater curvature and shorter
lesser curvature (Romanoff,1960). The development of the stomach
complex begins with an enlargement of the area proximal to the liver
primordia between 48-72 hours. Grossly, there is a leftwards shift,
and the gizzard then has a greater curvature and a lesser curvature.
At 6 days of incubation, the right end of the greater curvature
elongates dorsally as a blind end pouch. As a result the pylorus moves
craniad and come to lie to the right of the mouth of the
proventriculus (Sjogren,1941 and Romanoff,1960). How the greater
curvature arises and enlarges is unknown. It is worth noting that
Sjogren, (1941) used gross examination of endodermal reconstructions
rather that histological material in his research.

The gizzard lining glands are slender tubular branched

glands with a slight basal expansion. The surface mucous cells are
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arranged on wide pits that extend down to a variable distance from the
glands,reaching a maximum of a third of the gland length. From the
base of each pit, one or more glands extends down through the
submucosa. Mesenchymal septa extend to a variable distance between the
glands (Hodges,1974). These glands produce a thick, white, abrasive
membrane called the gizzard lining. The lining is thought to be a
polysaccharide-protein complex known as Koilin (Akester,1986).

The morphogenesis of the gizzard-lining glands was studied
by Cazzin,(1885). Hibbard,(1942) reported the changing orientation of
the Golgi apparatus in epithelial cells from a position towards the
general lumen to that towards the tubular lumens. Toner,(1966) studied
the cytodifferentiatiation process at the ultrastructure level. He
suggested a triphasic cytodifferentiation process, the first of which,
the active phase, covering day 7-13, was characterised by steady
accumulation of secretory granules. The second phase was the secretory
phase which extended from day 13 to day 17, in which cells began to
secrete the secretory granules, and the internal glands began to
develop. During the final phase, dense granules, similar to the adult
granules, replaced the earlier pale large granules.

The proventriculus, unlike the gizzard, is symmetrical. It
is a dilated fusiform structure separated from the distal gizzard by a
constricted proventriculo-gizzard junction. The proventicular
glandular development begins by folding of the epithelial lining to
form blind saccular pouches. Complex glandular morphogenesis then
followes as these expanded in the wall, radially at the beginning,
then changing direction to expand cranially. Secondary and tertiary

glandular structures developes as repeated invaginations from the
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still expanding glands (Sjogren,1941; Hibbard,1942 & Romanoff,1960).
The epithelial folding was explained (Romanoff,1960) as a result of
rapid cell proliferation, which increased the number of cells and
caused folding, without providing evidence for it. The development of
the submucosal glands was dependent upon the specific, instructive,
inductive action of its own mesenchyme (Sigot,1971;Sigot &
Marin,1970).

Thus it was clear that little is known about the
asymmetrical morphogenesis of the gizzard and the human stomach, and
the morphogenesis of various glandular structures, in the stomach
complex of the chick. In this work, an attempt is made to describe the
mechanism of development of the gross asymmetrical shape of the
gizzard, and the development of the glandular structures in the
stomach complex. This organ may be used as a prototype for the study
of development of the characteristic stomach shape and glandular
structures.

In general, visceral organs assume a variety of shapes and
functions. The diversity of form ultimately depends upon the behaviour
of epithelial and mesenchymal cells. In morphogenesis, the collective
contribution of cell shape changes, cell proliferation, cellular
spread, cell translocation, and cell death finally gives rise to the
different shapes of organs. Prior to presenting the results of this
work, a brief review of the mechanisms of development of selected
organs will be given.

Evagination morphogenesis

Evagination and invaginations take place many times in many

places during development. In evagination a group of epithelial cells
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change their position relative to other epithelial cells. They achieve
this by changing their topography and behaviour relative to other
cells. This diverging developmental pathway of different cell groups,
common to different organs, is thought to be brought about by
inductive interaction with neighbouring tissue which brings about
switching in developmental pathways, as in lens induction (McKeehan,
1951).

Most evaginations are the result of mechanical forces,as the
tissue thickens forming a placode before rolling up. The elements of
the cell shape change included changes in several parameters, as in
cell height, cell width, cell volume, cell number and amount of
extracellular space (Hilfer & Hilfer, 1983).

Mechanisms explaining cell and organ shape change emphasise
one of the following factors: cell elongation and increase in cell
density , microfilament mediated cell shape change, organ shape change
as a result of cell rearrangment (Shearing), growth and cell division,
and changes in adhesion among cells.

Cell elongation may be related to; microtubular orientation
along the longitudinal axis, increase in cell division (Jelink &
Friebova,1966), cell proliferation within a confined limiting area
(Zwann & Hendrix, 1973), cortical tractoring (Jacobson, Odell, &
Oster, 1985), changes in adhesive forces between cells (Gustafson &
Wolpert, 1962;1967), or it may be brought about by increase in cell
volume which could crowd the cells and force elongation by lateral
apposition, as in lens cells in culture (Beebe et al., 1979).

Cell elongation is spatio-temporally correlated to

longitudinally oriented microtubules (Waddington & Perry, 1966:
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Spooner, 1975). The antimetabolite colchicine, which disrupts the
microtubules, and calcium antagonists, which interfere in their
assembly and function, prevent cell shape changes and arrested the
morphogenetic process as in the amphibian neurulation
(Schroeder,1970: Karfunkel, 1971; Waddington & Perry, 1966; Jacobson,
1981), in the chick (Karfunkel, 1972; Handle & Roth, 1971; Schoenwolf
& Powers,1987), in rat neurulation (Smedley and Stanistreet, 1985 &
1986) in the mouse embryo (Jacobson & Tam ,1982), and in the chicken
lens (Byers & Porter,1964).

How microtubules cause cellular elongation is unknown
(Trinkaus,1984). Burnside, (1971 & 1973) counted the number of
microtubules in cross section of urodele neurulating cells of
comparable equivalent regions, in different stages of development, and
reported a decrease in the number of microtubules as the cells
elongated. The microtubules elongated too, but to a lesser extent than
the cellular elongation. She suggested that cell elongation may be
brought about by a sliding of microtubules past each other and thus
generating force against the apical and basal ends of the cells; or
sliding of the cytoplasm along the microtubules, by depleting the
apical aspect of the cells and by elongation of the microtubules
themselves by addition of tubulin units.

Microfilament mediated cell shape changes;

The geometrical basis of this mechanism is that if the cells
coordinately constrict at the apices, then the cells become flask
shaped and the epithelial sheet automatically bends. The agents that
bring about this constriction were thought to be the 60 A

microfilaments seen transversely in the cells apices (Odell et al.,
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1981; Wessells et al., 1971).

It was the spatio-temporal correlation of the appearance of
these elements in a wide spectrum of cellular and development
processes, as in the constricted ends of the cells that were
undergoing evagination or invagination, that led to their implication
in cell shape change (Wessells et al.,1971). Cortical microfilament
bundles were present in the cells prior to morphogenesis, and became
thickened at the constricted cell apices or bases during cell shape
change. This was further supported by the disruption of these
filaments by cytochalasin B & D, which blocked the embryonic movement
and has generally strengthened the case, as in amphibian neural tube
(Baker and Schroeder,1967 ; Burnside,1971 & 1973), avian neurulation
(Karfunkel, 1972; Ostrovsky, Sanger, and Lash, 1983 ; Nagele & Lee,
1980; Lee & Nagele, 1985; Lee et al., 1983; Nagele et al., 1987;
Nagele & Lee, 1987), Xenopus neural tube (Karfunkel, 1971;
Schroeder,1970), salivary gland morphogenesis (Spooner, 1973; Spooner
and Wessels, 1971 & 1972), chick oviduct morphogenesis (Wren, 1971;
Wrenn and Wessells, 1970), chick small intestine (Burgess,1975), chick
thyroid (Hilfer, 1973), rat neurulation (Morriss-Kay & Tucket, 1985;
Smedley & Stanistreet, 1986), the mouse pancreatic diverticulum
elevation (Wessells & Evans, 1968), mouse neurulation (Sadler et al.,
1982), mouse lens invagination (Wrenn & Wessells, 1969), and in other
movements e.g. cytokinesis (Schroeder, 1973).

Heavy meromyosin decoration (Spooner et al, 1973; Nagele &
Lee, 1980) showed that these apical 60 A microfilaments were actin
filaments. Although myosin thick filaments were rarely seen, they were

demonstrated biochemically (Korn, 1978), and by indirect
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immunofluorescence (Lee et. al., 1983; Lee & Nagele, 1985).
Furthermore, benzodiazepams, which interfere with the assembly of
myosin, caused severe reduction in the intensity of staining in areas
where myosin staining was prominent in control untreated neurulating
chick embryos, and caused non-fusion of the folds and eventually
collapse of the neural folds. Thus the contractile machinery
responsible for force development in muscle was present in embryonic
epithelial cells. The 60 A microfilaments were attached where they can
cause constriction upon contraction, so in epithelial cells that had
their apices constricted upon their contraction they were arranged in
circumferential bundles around the cell apices, and attached to the
zonulae adherents. The actomyosin systems of the non-muscle cells were
also thought to contract in these cells by sliding past each other. In
addition inhibition of calcium influx into the cells, which 1is
required for actomyosin contraction, arrested the morphogenetic event
(Smedley & Stanistreet, 1985).

Hilfer, Palmatier, & Fithian, (1977) establised a direct
method for evaluating the role of these filaments in whole organs, by
demembranating the thyroid cells and adding exogenous ATP to the
medium, which caused the evagination of these organs. In the chick
retinal epithelium, apical contraction was demonstrated in
glycerinated cultured cells in response to the addition of ATP
(Owaribe,Kodama, & Eguchi, 1981). Burnside,et al.,(1982) showed, in
dark-adapted long retinal cones,that their contraction and shortening
was dependent on calcium ions and exogenous ATP. All this is
consistent with the idea that localised contraction could alter the

shape of the cells.
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Cell rearrangment; shearing forces in cell and organ shape

change;

Change in organ shape could result from changes in position
of cells relative to their neighbours, as demonstrated in key hole
formation of the amphibian neural plate (Burnside & Jacobson, 1968:
Jacobson & Gordon, 1976).

During evagination of the imaginal disc in insect
morphogenesis, a compacted epithelial mass telescoped into an
elongated tube with cell flattening. These epithelial cells changed
neighbours as they maintained their junctional complexes (Fristrom,
1976). Similarly, the elongation of the gut rudiment during sea urchin
gastrulation was accompanied by cells changing neighbours without
disrupting junctional contact (Ettensohn ,1985 I).

Evagination morphognesis; the role of growth

Cell proliferation received little attention as to its role
in moulding organs, due to the concentration of efforts to elucidate
mechanisms like contraction, adhesion, and others. For example,
McKeehan, (1951) dismissed growth as inconsequential in lens
morphogenesis, because cell division rate in the lens placode was not
greater than that of peripheral regions. Subsequently, microtubules
were implicated in lens cells elongation and evagination morphogenesis
(Byers & Porter, 1964). Zwann and Pearce, (1971) confirmed that
induction of lens vesicle was not associated with an increase in cell
proliferation, but the number of cells did increase exponentially. As
for cell elongation and contraction, it was later found that colcemid,
which disrupts microtubules, did not cause the collapse of the

elongated epithelial cells (Pearce & Zwann, 1970) and that the organ
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diameter was fixed, which was incompatible with the supposed
contraction of the lens anlage. Therefore there must have been another
factor in cell elongation. It was also shown then that in the first
hour after the optic vesicle have come in contact with the ectodermal
cells, the cells forming the lens anlage increased in volume, which
would be accommodated by lateral expansion. A second stage was
initiated when the lateral spreading was inhibited, and because organ
volume continued to increase, lens cells would elongate (Hendrix &
Zwann, 1974 & Zwann & Hendrix, 1973). This fixation was suggested to
be the result of a qualitative change in basement membrane components
after contact between the underlying optic vesicle and the lens anlage
(Zwann and Hendrix, 1975). However, these events did not explain the
wedge shape which brought about bending. Wedging of the cells was
suggested to result from migration of the nuclei to the base of the
cells as a part of their interkinetic nuclear migrations. The nuclear
volume was large as it measured 30% of the cell volume. Therefore the
proposed model involved cell shape change, which led to organ shape
change (evagination) as a result of cell population pressure
developing in a group of cells in a confined limited area, and cell
shape change during interkinetic nuclear migration (Zwann & Hendrix,
1973 and Hendrix and Zwann, 1974). Meier, (1978 I & II) invoked the
same mechanism in the development of the chick otic placode. Also, in
the chick neural tube, changes in neuroepithelial cells from spindle
shape to wedge shape involved basal expansion, which might be brought
about by alteration in the nuclear position during the cell cycle, as
the nucleus was found in the expanded basal position (Smith &

Schoenwolf,1987). Wedging of the cells might either drive bending, or
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provide a nidus for its initiation.

In chick thyroid development, a different cell
proliferation pattern in evagination was shown (Smuts, Hilfer, &
Searles, 1978). The cell division rate was higher in the periphery of
the evagination, which suggested that as new cells were added
laterally, they might push the evagination deeper. Conversely, in the
chick neural tube, cell division was localized to the induced areas,
rather than the periphery and was suggested to be the mechanism of
placode formation and rolling up (Jelink & Friebova, 1966).

In the chick oviduct epithelium, growth was important in
later expansion of the glands but not in the initiation of evagination
(Wrenn,1971). In the pancreas, diffuse mitosis was suggested to cause
numerous evaginations (Pictet et al.,1972), and in the ciliary body
folding its unremitting growth rate, within the limitation of the
pupillary ring, numerous evaginations developed (Bard & Ross,1982 II).

Evagination morphogenesis; the role of adhesion.

Gustafson and Wolpert, (1962 & 1967) proposed a model which
explained the change in the shape of cell sheets as brought about by
changes in cell adhesion between individual cells on the one hand, and
changes in their adhesion to their basement membrane. For example, if
the cells increase their adhesion to each other they will be
increasingly columnar in shape. So if the force of attachment to the
basement membrane remains constant, then the cells may bend. Nardi
(1981) showed that by grafting cells of the pupal wing to different
places of different adhesivity,the cells will change shape according

to the adhesive difference.
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Examples of systems involving evaginations

Before discussing other mechanisms of morphogenesis, a brief
review of the development of some organs which develop by folding of
their epithelial elements will be given.

Neurulation

Neurulation is one of the most extensively studied
morphogenetic events involving folding of epithelium (Gordon, 1985;
Karfunkel,1974), and despite a long history of description, the
mechanism is still elusive (Trinkaus, 1984).

In the chick the neural plate is made up of single elongated
columnar cell which elevate and fold. In explaining the mechanism of
neurulation, Jelink & Friebova, (1966), suggested that cell
proliferation was the mechanism which brought about the formation of
the neural plate and rolling of the tube, as the mitotic index was
highest in the neural plate than at any time in development, and this
caused the increase in cell density and elongation of the plate. The
neuroepithelium was confirmed to be mitotically active and grew, so
it increased in volume, length, apical and basal surface area and
lateral thickness (Schoenwolf, 1985). The cell elongation was also
correlated to microtubules, and when these were disrupted then the
cells decreased in height. Additionally, the neural plate width
increased by a factor proportional to the decrease in height
(Schoenwolf & Powers,1987). Therefore, the increase in volume was a
result of both cell division and cytoskeletal contraction. The
elongation of the chick neural plate was confirmed by Jacobson, (1981)
and was suggested to be causally related to rolling of the plate.

Neurulation in the chick may also be brought about by cell
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shape change. At the beginning, the medullary plate became thickened
and the cells elongated. Elongation of the cells was related to
longitudinally-oriented microtubules (Karfunkel, 1972 ; Schoenwolf &
Powers,1987). As the lateral folds elevated, the supranotochordal bend
cells became shorter and wedge-shaped. As the fold elevated still
further, two bends appeared in the midlateral regions, the cells there
were also more apically constricted, while the rest of the lateral
areas contained a mixture of wedge and spindle-shaped cells
(Schoenwolf & Franks,1984). There was also regional variation in the
distribution of the apical contractile elements in these bend regionms,
as the apical microfilaments were denser and thicker in the
supranotochordal and the two lateral bend regions, and the myosin
staining was heavier in these regions (Nagele & Lee,1980; Lee &
Nagele, 1985; Nagele & Lee, 1987;Lee et al., 1983).

However, Schoenwolf, Folson,& Moe, (1988) recently appealed
for a reappraisal of the role of the microfilament in the wedging and
bending of the neural tube, as treatment with cytochalasin D did not
block median bending and slight élevation of the neural plate, in
spite of disruption of microfilaments. It was suggested that wedging
of the spindle shaped cells was brought about by localisation of the
nuclei in the bases of the cells (Smith & Schoenwolf, 1987). However
it did prevent bending in the elevated lateral folds.

During chick neurulation, the cell surface extracellular
matrix was markedly increased when the cells become elongated and the
folds elevated. As the folds approached each other to fuse, dense
extracellular material was observed between the fusing cells.

Treatment of these cells with conconavlin A reversed and prevented the
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fusion process (Lee et al., 1976; Lee, Sheffield, & Nagele, 1978).
Also, treatment with testicular hyaluronidase caused failure of fusion
of the elevated neural tubé(Schoenwolf & Fisher, 1983).

Thus according to the prevalent view, the forces responsible
for neurulation might reside in the neural plate itself.

In Xenopus, the presumptive neural plate consists of two
layers. The cells of the superficial layer was cuboidal prior to
neurulation. Then the median cells become taller and wedge-shaped. The
cells of the deeper layer are columnar in shape, which during
neurulation become narrower but not taller. The neural folds elevate
and approach each other. The long axis of both cells are radial to the
neural tube (Schroeder,1970 ; Karfunkel,1971 & 1974).

The earliest explanations were that increased cell division
laterally caused the folding of the lateral epithelial folds, but
Karfunkel, (1974), after cutting a longitudinal slit in the neural
plate and the adjacent epidermis and observing that it gapes widely,
instead of becoming overlapping, argued that the ectodermal plates and
the epidermis were under tension, and thus dismissed the suggestion
that the epidermis pushed the neural folds medially. He suggested
instead that neurulation developed by forces intrinsic to the
epithelium itself. On the other hand, Brun & Garson, (1983), after
chemically eliminating the neural plate by preventing wedging of the
neural plate cells, observed that the neural folds still elevated and
that the length of the epidermal cells increased, thus suggesting that
the epidermal cells and other parts of the embryo may produce folding
of the neural plate cells and also that there was synergistic

interplay of the various embryonic components involved in neurulation.
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In the newt, primary embryonic induction might bring about a
patterned change of the neuroepithelium, as cell groups are displaced
so that the neural plate narrows and elongates and becomes a keyhole
shape with little or no growth (Burnside & Jacobson,1968). In
neurulation of urodeles, cell rearrangment and shape changes seem to
be the mechanism of morphogenesis (Jacobson & Gordon, 1976). As the
neural ectoderm forms a keyhole-shaped plate, this folds: and fuses to
form the neural tube. The formation of the keyhole ectodermal plate is
a most important event, which combines coordinated cell shape changes
and cellular rearrangment, and was the subject of the only study which
combined computer simulation, experimentation and histological
examination. The keyhole plate forms when a hemispheric shaped plate
of ectodermal cells shrank. Shrinkage of the epithelium was brought
about by apical constriction and cellular elongation of individual
cells, forming a tightly packed epithelial sheet. The cell shape
change was suggested to be brought about by co-ordinated contraction
of apical microfilaments, and cellular elongation was brought about by
longitudinally oriented microtubules. Concomitant with shrinkage, the
ectodermal and the underlying notochordal cells became rearranged in
relation to each other so that elongation of the plate was the result,
and a keyhole shape was thus formed. Elongation was suggested to bring
about a rolling of the tube (Jacobson,1981: Gordon, 1985; Jacobson,
1980)

In the mouse, each lateral half of the neural plate makes a
convex bulge dorsally separated by a ventral furrow in the middle of
the neural plate. Then a period of increased dorsal bulging is

followed by reversal of curvature with the appearance of a horn-like
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projection, followed by fusion of the plate (Jacobson & Tam, 1982).
Cells of the plate change shape as they become taller and constricted
apically and basally, which is related to microfilament distribution
(Sadler et al., 1982). The cranial neuroepithelium is highly active
mitotically throughout the regions, but the forebrain region expands
rapidly, while the midbrain and hindbrain regions do not expand. This
suggested that cells may migrate rostrally to augment forebrain
expansion. Also the mitotic plane of cleavage in the midbrain and the
hind brain region contributed to longitudinal expansion (Morriss-Kay,
1981; Tuckett & Morriss-Kay, 1985).

At different axial levels of the mouse and the rat,
neurulation was associated with differential distribution of
glycosaminoglycans in the basement membrane of the epithelium and the
extracellular space between the mesenchymal cells. In the cranial
region of the rat embryo Morriss & Solursh, (1978) showed that there
was an increase in the rate of synthesis of hyaluronate and
chondroitin sulphate related temporally and spatially to the biconvex
region of the neural folds, and suggested that it might mechanically
elevate the neural folds. Treatment with hyaluronidase decreased the
extracellular space between mesenchymal cells, and their number was
reduced by half as a result of increase in cell cycle time. However,
neurulation was not inhibited but retarded. Thus it was concluded that
hyaluronate was essential for the timing of neurulation (Morriss-Kay,
Tuckett, & Solursh, 1986). Caudally in the normal mouse, Copp and
Bernfield, (1988 I & II) also found an increase in the distribution of
hyaluronate. It was suggested that hyaluronate may exert its

developmental role by causing changes in cell proliferation rates, or
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the cytoskeletal arrangement in the overlying epithelial cells.

Small intestine

The first part of the chick small intestine is the duodenum.
It is an elongated loop doubled upon itself enclosing the pancreas
between its segments. Duodenal villi develop from previllous ridges in
the chick (Hilton, 1902). Previllous ridges in organ culture develop
normally when surrounded by mesenchyme, but not alone (Burgess, 1975).
If apical and basal microfilament bands are disrupted by cytochalasin
B, then previllous ridges fail to develop. Thus he suggested a
contractile mechanism for previllous ridge development. The cells at
the corners of the bending became wedge-shaped with smooth basal
surfaces, while the cells in between developed basal pseudopodia, with
a distinct change in mesenchymal cells (Burgess, 1975 & 1976). Noda,
(1983), arrested morphogenesis using cytochalasin B.

The lungs

The chick respiratory system consists of the lungs, the air
sacs for buoyancy, and the bronchial system. The lungs begin by paired
evaginations pushing into surrounding mesenchyme. The surrounding
mesenchyme develops at the same pace as the epithelium. The endodermal
pouch then elongates (Romanoff, 1960). The bronchial tree, also
elongated, and gives off evaginations proximal to the leading sac of
expansion (Romanoff, 1960) .

In the mouse the lung primordia arise as two separate
lateral evaginations of the gut endoderm at 25-27 somite stage.
Thereafter the two buds grow in length, and start branching
morphogenesis. These events are absolutely dependent on the action of

mesenchyme (Spooner & Wessells,1970). The tracheal bud is found to be
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a a rapidly growing structure, however no localisation of cell
proliferation was detected in the bud prior to evagination, as the
labelling index was uniform in the bud and the tracheal epithelium
(Wessells,1970). Then the bud continues to expand and bifurcate by
developing a central proximal indentation which, with continued
expansion, results in bifurcating buds. At the tip of the expanding
bud there is a scanty basement membrane and direct epithelio-
mesenchymal contact developes with the condensing mesenchymal cells.
The mitotic activity was highest at the tips (Grants, Cutts, & Brody,
1983). The development of the gas exchange surface in the mouse was
associated with differentiation of type II pneumocytes to type I
surfactant-secreting pneumocytes, which was associated with flattening
of the cells and numerous epithelio-mesenchymal contacts.

The pancreas

In the chick, the pancreas arises from three evaginations
from the gut wall, one dorsal and the other two are ventral in
relation to the dorsal evagination. The pancreas was thought to be
composed of cellular cords which later cavitated (Romanoff, 1960).

In the mouse, the pancreas arises as an elevation of the
dorsal gut wall, the base of which becomes constricted as the
elevation progresses. As the pancreatic diverticulum develops, no
localised population of tritiated thymidine incorporation or mitotic
cells were found (Wessells & Cohen, 1967). The cells at points of
elevation were rectangular and elongated in shape and there was also a
decrease in the number of cells in the diverticulum. Thus pancreatic
elevation was suggested to be brought about by cell shape changes and

cell movement (Wessels & Evans,1968). No orientation of microtubules
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and microfilaments that corresponded to cell shape change was
observed in the rat however, as elevation of the pancreas and
subsequent lobulation was suggested to result from an increase in cell
division (Pictet et al., 1972).

The thyroid gland

The chick thyroid gland develops, as an evagination of the
pharyngeal wall (Hilfer, 1973; Hilfer & Brown, 1984). Hilfer, (1973)
reported the presence of a pronounced apical transverse band of
microfilaments at the vesicle stage of development. Microfilament
bundles were observed at apices and bases of cells at the midline‘of
the bud, and in the apices of cells at the periphery, separating the
thyroid from the pharynx. Also, there were highly polarised
longitudinal microfilaments in early groove formation which was
supplemented by longitudinally arranged microtubules in older grooves.
These were thought to act as stabilisers, functioning as a
nondistensible band to provide rigidity to cells within the vesicles.
Smuts, Hilfer, & Searle, (1978) showed that the labelling index of the
thyroid placode cells was higher in the pharynx (periphery) than in
the evagination epithelium in the midline throughout the development
of the thyroid. Hilfer, Palmatier, Fithian,(1977) managed to cause
precocious evagination in a stage 14 thyroid in a matter of minutes by
adding an exogenous source of ATP

Otic placode

The chick otic placode began development when a population
of cells became segregated from the rest of the ectoderm which might
result from induction by underlying neural crest cells. The cells

elongated and pseudostratified as a result of cell division within a
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confined limiting space. Within the cells, microtubules were found
along the longitudinal axis of the cells and apical microfilaments
were observed. The placode would then undergo invagination (Meier,
1978 I & II).

The optic vesicle

The optic vesicle developes by evagination of epithelial
cells, and microtubules and microfilaments were seen polarised and
oriented. Also it precociously contracted when ATP was added (Brady &
Hilfer, 1982) and was inhibited by adding calcium ion antagonists,
like verapamil and papaverine (Hilfer & Skres, 1987).

Expansion and branching morphogenesis in epithelio-

mesenchymal organs

In this type of morphogenesis, an epithelial tree expands
and repeatedly branches to form ducts and alveoli. In this type of
morphogenesis, growth, both generalised and localised, plays a
striking role. Also cell shape change, epithelio-mesenchymal
interactions, and compositional changes in the extracellular material,
all play an important part.

The role of growth

Because of the expansive nature of the process and the
frequent branching, growth is an important process. In the mouse lung,
growth was linear in relation to time and increased total surface area
and the budding process; X-irradiation of epithelium and mesenchyme
arrested growth. Adding more mesenchymal mass elicited more growth in
the epithelium, and thus increased expansion and budding (Alescio &
Piperno, 1967; Alescio & Dimichele, 1968).

In the mouse submandibular salivary gland a higher cell
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proliferation rate was localised to the distal tip of the expanding
and budding tips (Bernfield and Banerjee,1982; Bernfield, Banerjee,
and Cohen,1972; and Bernfield, Cohn, and Banerjee,1973). Similarly, in
the expanding chick lung more cell proliferation was localised to the
tips of the expanding bronchi (Gallagher,1985 I). In the rat lung,
localised cell division was observed in the tips of buds (Golden &
Wessels,1979). Budding was elicited from the chick trachea after
implanting epidermal growth factor pellets (Golden and Opermann,1980).

In the quail anterior submaxillary salivary glands however,
growth was not localised to any particular region of the expanding
glands, which also elongated and expanded with the basement membrane,
being thin and interrupted at the distal tip of expanding glands
(Nogawa, 1981).

Cleft formation and branching

In the branching mouse salivary glands the outer surface of
each rounded knob was the site where a narrow cleft formed and
gradually widened (Wessels, 1977). Basal microfilament contractions
were suggested to be implicated in this cell shape change. Treatment
of these glands with cytochalasin B caused loss of early clefts and
flattening of the organ rudiment. This effect did not affect mature
clefts and was reversible (Spooner, 1973; Spooner & Wessells, 1970 &
1972). Also inhibition of extracellular calcium ion entry into the
cells, which is required in contraction, was inhibitory to
morphogenesis without disruption of filaments (Ash, Spooner, &

Wessells, 1973).
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The role of extracellular material in maintaining

epithelial morphology

The matrix material and the basal lamina were important in
maintaining lobular morphology of the epithelium. When the mesenchyme
together with the amorphous matrix material was removed, leaving the
basal lamina intact, the epithelium maintained its lobular morphology.
However treatment of these epithelia with testicular hyaluronidase,
which disrupted the basal lamina, resulted in rounding up of the
cells, loss of cellular cohesion, and appearance of projections at the
basal surfaces, with a meshwork of microfilaments at the base of
projections (Banerjee,Cohn, & Bernfield,1977; Bernfield, Banerjee, &
Cohn, 1972; Bernfield, Cohn, & Banerjee, 1973).

Epithelio-mesenchymal interaction; the role of mesenchymal

Normal growth and morphogenesis of epithelia in epithelio-
mesenchymal organs was absolutely dependent upon mesenchymal
components (Spooner,1973). Also the pattern of epithelial branching as
it occurs in epithelio-mesenchymal organs was somehow regulated in
timing and location by surrounding mesenchyme (Grobstein, 1953 I &
II). It was thought that the mesenchyme induced the epithelium through
the extracellular material. The extracellular matrix materials were
not deposited uniformly; the fibrillar collagen was deposited in
greater amounts in the clefts between lobules and on the stalk rather
than at the distal aspect of lobules (Bernfield, 1981).

Bernfield et al., (1984) showed in the basal laminar
remodelling that more total glycosaminoglycans were formed at the

surfaces of the clefts, at the lateral aspect of lobules and stalks,
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than at the distal tips. However glycosaminoglycans turnover was
highest at the tips as they accumulated rapidly and were lost rapidly
from the tips of the glands (Bernfield & Banerjee, 1982). It was thus
suggested that mesenchyme near the tips degraded glycosaminoglycans
and collagen in the stalks, and lobules stabilised them (Smith &
Bernfield, 1982). Golden, (1980) suggested the sequence of events for
the matrix-remodelling mechanism of branching morphogenesis as
beginning with degradation of glycosaminoglycans by surrounding
mesenchyme, followed by close or direct contact. This facilitated
passage of a mitotic factor, which in turn increased cell division
localised to the tips. Disruption of glycosaminoglycans caused release
of calcium, which in turn caused contraction of microfilament systems
causing cell shape change, which brought about clefting of the
epithelium. Finally, accumulation of fibrillar collagen in regions
where a stable basal lamina existed was thought to stabilise shape.
Thus an interplay between cell proliferation and cell shape changes
under the inductive influence of mesenchyme moulds and gives the final
shape of the organ. In this model, the forces generating branching
reside in the epithelium itself.

Grobstein's transfilter experiments (1953 II & 1967)
indicated that no cell-cell contact was needed. The basal laminar
remodelling model (Bernfield, 1984) seemed to confirm that no direct
epithelio-mesenchymal contacts are required. However, in the induction
of metanephrogenic mesenchyme by spinal cord and salivary mesenchyme
in transfilter cultures seemed to suggest that induction might be
correlated to direct contact (Saxen et al., 1976; Lehtonen et al.,

1975) and that induction may be correlated to time and density of
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contact (Saxen & Lehtonen, 1978) .

The development of glandular structure in aggregates of

unpolarized cells

Polarity is a fundamental property of epithelial cells. It
can be observed in all epithelia, and in any given sheet, is the same
for all epithelial cells. Cell polarity can be expressed in the shape
of the cells, the structural cell junctions, cytoplasmic organisation,
intracellular organisation, distribution of intracellular secretory
apparatus, cell membrane specialisation and molecular cell membrane
composition (Simon & Fuller, 1985). This polarity is essential for
epithelial cell function, for example in the glandular secretory cells
the intracellular secretory apparatus is directed towards the lumen
(Kolega,1986) .

When epithelial cells first develop, they form from
unpolarized cell masses, as in blastulation (Berril & Karp, 1976). In
subsequent development, epithelia also develop from unpolarized cell
masses, as in kidney, thyroid, liver, colon, small intestine,
pancreas, and mammary gland development. In these organ
systems,aggregated cells begin developing junctional complexes of the
apical variety at the site of the future lumen, and the cells involved
become asymmetrical as their secretory apparatus become polarised
towards the future lumen. This process is called cavitation
(Trinkaus, 1984).

The structural expression of cellular polarisation.

This polarity of epithelial cells includes the junctional
complexes that the epithelial cells form between each other apically

and basolaterally, and the basement membrane on which the cells rest

40



basally. Farquhar and Palade, (1963) and Goodenough and Revel, (1970)
have shown that in visceral epithelium a tripartite junctional complex
was a characteristic finding, although the arrangement varied in
detail from one epithelium to the other. Typically, the complex
consisted of 3 successive components. The first element was the
zonulae occludens, or the tight junction, which was a sealing area of
variable length made up out of fusion of the outer leaflets of the
apposing cell membrane. It was located immediately behind the line of
reflexion and ran a rather straight course. Frequently the fusion line
appeared as a series of fusion, divergence and refusion. The second
element, the macula adherence, was located immediately behind the
tight junctions and was characterised by the presence of a true
intercellular space, with the cell membranes running strictly parallel
to each other and surrounded by cytoplasmic dense regions which have
matted fibrillar material. It was not a sealing structure and formed a
continuous belt around the cell. The third element was the desmosome,
which was seen at a distance from the macula adherens and was not a
belt-like structure, but rather like buttons interspersed in the cell
membrane. The desmosomes were characterised by the presence of laminar
densities in the intercellular space and by a high local concentration
of dense amorphous and fibrillar substance in the subjacent cytoplasm.
Bundles of intermediate filaments attached to these plaques.

The basement membrane and the substratum on which the cells
rest is one of the signs of polarity of epithelial cells and also
important for acquisition of polarity of cells. In vivo the
nephrogenic cells, when prevented from attachment to each other by

treating them with anti-uvomorulin, still managed to become polarised,
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which suggested that the basement membrane might be important in
acquisition of polarity of epithelial cells (Ekblom, Vestweber, &
Kemler, 1986). Conversely, the suspension of highly elongated,
polarised adult cells in collagen gels resulted in increase in motile
activity of the basal epithelial surface, and the cells detached from
the follicle and invaded the surrounding gel and became elongate
bipolar cells. Thus they lost their polarity and became mesenchymal
like cells and begin to secrete collagen type I (Hay, 1984;Greenburg &
Hay, 1982;1986;1988) .

Membranous expression of polarity

The apical and basolateral membranes were also different
biochemically. The presence and continuity of junctional complexes was
vital for the histochemical differentiation of the plasma membrane of
the cells in culture (Hoi-Sang, Saier, & ellison,1979), most probably
by sliding of material along the basolateral surface of the cells
(Pisam & Ripoche, 1976). In the pancreas however, Madden and Sarras,
1985 found small microlumina, crossed with microvilli, without sealing
tight junctional strands, and using a lectin probe, reported the
development of apical membrane differentiation prior to development of
sealing tight junctions.

Some organs that develop glandular structures in

stratified unpolarized epithelial cell masses

The human small intestine

From a stratified 2-6 cells thick epithelium, a few
subepithelial mesenchymal cells aggregate, which then evaginated into
the basal aspect of the epithelium. The epithelium then folds, forming

villi. The development of microlumina in the stratified epithelium
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begin when new apical type junctional complexes develop deep in the
epithelium which delimited these secondary lumina. Secondary
microlumina enlarge, coalesce and then open into the main lumen (Moxey
& Trier, 1978).

The rat duodenum

The duodenal lining epithelia is stratified prior to
commencement of morphogenesis. Hermos, Mathan, & Trier, (1971) noted
that the cell proliferation pattern increased their stratification and
that the mitotic cells changed their position deeper into the villi as
development progresses. Rat duodenal villi morphogenesis begin when
the deep epithelial cells develop new junctional complexes of the
apical type between them. Extracellular secondary lumina develop
when cells secrete small vesicles between these junctional complexes.
Progressive enlargement and coalescence of these lumina and opening up
into the main lumen establishes continuity. Mesenchymal aggregates
penetrate deep between the villi to establish the villi connective
tissue (Mathan, Moxey, & Trier, 1976). All lumina in the stratified
epithelia are lined by tight junctional complexes which are
characterized as being mostly tight junctions with infrequent gap
junctions (Madara,Neutra, & Trier, 1981).

The ovine small intestine

From a stratified epithelium of 2-6 cell thickness, the
epithelium folds forming villi and penetrates surrounding mesenchyme.
Then the lumen become patent (Trahair & Robinson, 1986) .

The rat biliary canaliculus,

Biliary canalicular development begin with the development

of a potential smooth surface biliary canaliculus delimited by tight

43



junctional complexes, then microvilli project into the lumen together
with secretory vesicles (Luzzatto, 1981). Montesano et al., (1975)
characterised these junctions as tight junctions with pentalaminar
fusion leading deeper to gap junctions. Furthermore, the membranous
polarity of the hepatic cell surface was detected after the
development of the junctional complexes (Ferraci, et al., 1987).

The mammary gland

It begins development by proliferation of a knob of cells
which cavitate. Secondary microlumina develop and become bridged by
microvilli, and surrounded by tight junctions, then these lumina
coalesce and enlarge (Hogg, Harrison, & Tickle, 1983).

The rat colon

This developes by cavitation. Colony and Neutra, (1983)
found uniform phosphatase activity around the cells prior to the
development of tight junctional complexes. After the development of
junctional complexes the cell surface acquired biochemical polarity.

The rat parotid

These glands develop ducts and lumina in solid tubules
made up of unpolarized epithelial cells. Development begins when a knob
of cells penetrated buccal tissue, leaving the stenson duct (Redmann
& Srebeeny, 1970). Lumina, surrounded by secretory granules develop
and enlarge progressively.

The rat thyroid follicles

The follicular lumen also develop by a process of
microlumina formation. Tight junctions surround a potential lumen,
into which microvilli project (Luciano, Thiele, & Reale, 1979). The

enlarged and separated thyroid vesicles proceed to cellular
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differentiation and colloid formation. This process was not
synchronous in any single gland.

Kidney glomerular and tubular development

The terminal ampulla of the ureteric bud was believed to
induce formation of renal vesicle from metanephrogenic tissue. This
cluster of cells then developed a lumen. These cells became sealed at
their apices with occluding junctions. Then the vesicle became S
shaped and was made up of a layer two cells deep. The layer lining the
Bowman's space was sealed by Bccluding junctions (Reeves, Caulfield, &
Farquhar, 1978). In the vesicular stage fibronectin staining was lost,
while in the comma shaped rudiment, basement membrane specific
molecules were detected immunohistochemically (Ekblom, 1981).

Epithelial cell development in tissue and organ culture

conditions

A variety of epithelial cells from different organs have
been examined in culture conditions. The cells realised their
organotypic potentialities according to their own developmental
competence, specific mesenchyme, culture conditions (such as the type
of substratum), presence of hormones and connective tissue products.

In culture conditions the gizzard endodermal cells showed
their self-differentiation potency by developing a folded .
pseudostratified epithelium when cultured with or without mesenchyme
(Ishizuya-oka, 1983). Also, region specific differentiation of the
stomach epithelium was elicited when chick stomach endoderm was
cultured with digestive tract mesenchyme (Ishizuya-oka & Mizuno,1984:

Yasugi & Mizuno, 1978).

; - ed
In organ culture, masses of nephrogenic mesenchyme progress
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to tubular structures (Bernstein, Cheng, & Roszka, 1981: Avner et
al.,1982). The fetal rat small intestine developed in organ and tissue
cultures and showed a specific growth pattern depending upon the age
from which the explants were taken (Quaroni,1985 & Kondo et al.,1984).
The chick small intestine was maintained in organ culture (Black,
1978; Haffen et al.,1981). The rat intestinal cell cultures did not
develop when plated in 3-D collagen gel cultures but developed into
villus like structures when transplanted in-vivo (Montogomery, Zinman,
& Smith, 1983). These reports showed the importance of developmental
competence of the epithelial cells themselves and mesenchymatous
elements on epithelial cells differentiation and developmeﬁt.

The substratum was important for the development of
structural polarity of epithelial cells. When MDCK epithelial cells
were plated on plastic substratum they formed a monolayer with the
apical surface covered with microvilli facing the medium. The lateral
surface was connected by tight junction and desmosomes. The nuclei
were found basally and the cytoplasm was abundant laterally and
apically (Crejido et al., 1978). There was also biochemical
differentiation of the two surfaces (Balcarova-Stander et al., 1984).
Pancreatic acinar cells developed flattened colonies of irregular
shape when plated on plastic substratum (Orci et al., 1973) as well as
the gastric parietal cells (Logsdon et al., 1982). When mammary
epithelial cells were plated on floating collagen gels they
differentiated better and formed small vesicles (Emmerman & Pitelka.,
1977). Whem monolayers of mammary, thyroid, small intestinal
pancreatic, and submandibular salivary epithelial cells were overlaid

with collagen, it caused the reversal of epithelial cells polarity
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(Hall,1982; Chambard, Gabrion, & Mauchamp, 1981; Montesano et al.,
1983; Montogomery, 1986; Yang et al., 1980; Yang et al., 1982) and
caused the development of hollow tubules.

In this thesis I have investigated the development of the
avian stomach complex. I have described the asymmetrical
morphogenesis of the chicken gizzard and the cell proliferation
pattern during this period. I also examined the proventricular
glandular morphogenesis and the cell proliferation pattern during this
dévelopment. Finally, I studied the development of the glandular lining
of the gizzard in vivo and in tissue culture .

Prior to the discussion of the results, a brief description

of the experimental methods used will be given.
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CHAPTER TWO

MATERIALS AND METHODS

White leghorn chick embryos (Gallus domesticus), obtained

from a North London supplier, were used throughout the study. Eggs
were incubated in a forced-air draft incubator at 99-100 F and high
humidity. On the third day of incubation fertility, was confirmed by
candling and a window opened over the blastoderm. The embryos were
staged according to Hamilton & Hamburger tables (Hamilton & Howard,
1952) of normal development, sealed with sellotape, and returned to
the incubator for subsequent use.

The instruments generally used were a Zeiss binocular
dissecting microscope, tungsten wire needles, curved scissors for egg
opening, curved and straight forceps, iridectomy scissors, and glass
petridishes which were covered with Sylgard 180 purchased from Dow
Corning (Midland, Michigan) which formed a convenient dissection
platform.

For dissection, the embryos were immersed in either Hank's
BSS or primary fixative (page 54). The abdomen of the embryo was
opened, and the stomach located in the area dorsolateral to the liver,
just left of midline, distal and in the early stage 20-23 between the
pulmonary buds and proximal to the pancreatic bud. Localization of the
stomach was easier in later stages due to the gross shape changes. The
proventriculus was localized as an ovoid structure just proximal to
the grossly enlarged gizzard.

Microdissection of the gizzard endoderm free of its

mesenchzme.

For measurments of the bulge region length, staged embryos
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were dissected and the gizzard freed. The gizzard was incubated in 2%
cold trypsin (Gibco) for one hour and microdissected free of its
mesenchyme, leaving the endoderm intact. Using a stage micrometer and
a graticule eyepiece, the length of the bulge was measured and that of
the 1limb too.

For histological and ultrastructural studies of the gizzard,
morphogenesis and autoradiographic studies of cell proliferation
pattern during gizzard asymmetrical morphogenesis, longitudinal
sections of the organ from stage 20 to stage 34 H & H were used
throughout. As for the proventriculus, both longitudinal and
horizontal sections of stages 27 through to stages 35-36, were used.

Histological and transmission electron microscopy

The gizzard and proventriculus were dissected from staged
embryos, immersed in primary fixative (Karnovsky,1965). The specimen
were taken to a pot of fresh fixative. Specimens were left for two
hours or overnight, then processed as shown in protocol (2-1).
Floating one micron plastic sections were mounted on slides and
stained with 1% aqueous toluidine blue for light microscopy. For
electron microscopy, grey-silver 70-90nm ultrathin sections were
mounted on 200 mesh copper grids, stained with uranyl acetate and lead
citrate, and examined in a Philips EM 300 electron microscope.
Photographs were taken on Ilford plates and developed according to the
standard procedure employed in the electron microscopy unit of this
department. Sections were cut using Reichert OM 3 and Ultracut E
microtomes.

Ruthenium red staining

For ruthenium red staining, the proventriculus from the
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expansion stage was dissected and processed as in protocol No 2-2.
Ruthenium red stock solution was prepared as followed; 30-50 mg
ruthenium red (Sigma) was crushed in a small mortar in a few drops of
distilled water. Water was added to make 10mgm per 1 ml of distilled
water and heated in a 60 C water bath. It was then centrifuged at 1600
G for 10 min. The supernatant was removed and used as stock (Luft,
1971 I & II).

Tritiated thymidine autoradiography

For autoradiographic analysis of the cell proliferation
pattern in the developing chick gizzard and proventriculus, tritiated
thymidine was purchased from Amersham International. 20 pcui, in 0.Zml
of PBS solution was dropped onto the embryos in the eggs after
separation of the membranes. Embryos were reincubated for two hours
and then fixed. Fixation and processing were similar to the light
microscopy protocol, but the osmium tetra-oxide secondary fixation was
omitted, and the specimen was placed for 10 minutes in alcian green,
in the 70% alcohol step, to impart colour to the specimen, which aids
in orienting the structure in the resin block. One micron tissue
sections were mounted on specially cleaned and subbed slides according
to Humason (1978) (protocol 2-3). Sections were then dipped (protocol
2-4) in Ilford LP4 nuclear autoradiographic emulsion, in the dark,
using safelight light filter number 904. Dipped slides were wiped,
laid on a cold plate for the emulsion to gel, and kept in an oven to
dry. Dipped slides were exposed for at least four weeks,at 4C, in a
light proof container. Exposed slides were developed (protocol 2-5)
according to Rogers, (1969). They were then dried, poststained with 1%

aqueous toluidine blue, mounted, and the labelled nuclei counted.
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Statistical methods

The significances of the differences between the mean
labelling indices of the different regions were statistically analysed
using the chi-square method of analysis (Goldstein, 1964;
Moroney,1951). It was computed as follows; For each region, the
difference between the labelled nuclei and the expected number of
nuclei was squared and then divided by the expected number of nuclei,
and also for each region the expected number of nonlabelled nuclei was
squared and divided by the expected number of cells. Summation of the
resultant values gave rise to the chi-value. Referring to the
statistical tables, the P value was deduced.

Professional statistical advise was obtained from Mr R.B.
Newman, of the statistical clinic, Department of Statistical Sciences,
University College.

Gizzard tubular morphogenesis

The gizzard tubular morphogenesis was examined by light
microscopic and transmission electron microscopy using exactly the
same method outlined earlier. Gizzards from Stage 37 (day 11) to
hatching and day one of adult life were examined.

Tissue culture

For primary cultures of epithelial cells, gizzards of stage
38-39 were dissected aseptically and removed to petri dishes
containing HBSS (Gibco)solution, and the smooth muscle and the whitish
gizzard lining removed. To separate the epithelium from surrounding
mesenchyme, tissue fragments were transferred to 2% trypsin solution

(Gibco) for one hour at 4 C. Tissue fragments were then transferred to
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Ca Mg free, HBSS with 10% foetal calf serum (Gibco). The epithelium
was dissected free from the underlying mesenchyme by microdissection.
To separate individual cells, tissue fragments were transferred to
0.5% trypsin in Ca Mg free HBSS (Gibco) and chopped into small pieces.
Tissue pulp was then transferred to a fresh supply of trypsin and
sucked up and down vigorously in a wide bore pipette, alternating with
shaking in a gyratory shaker for 20 minutes. To allow bigger pieces to
settle, the contents were allowed to settle for a minute, and then
slowly centrifuged (100 g) for two minutes. Then the supernatant
which contained separated cells was spun down and the trypsin
discarded, to be replaced with 10 mls of HBSS containing 2% foetal
calf serum. As for the remaining tissue, the separation technique was
repeated once, yielding another 10 ml solution of separated cells. The
two solutions were mixed. In one of the micromass culture experiments,
the tissue was separated by sucking up and down and then passed
through nitex nylon mesh. In this method however, a large number of
cells were lost in the process. The cell suspension was centrifuged
and 1ml of growth medium (Minimal Essential Medium with Glutamate with
25 mM Hepes Buffer(Gibco)) was added. The cells were counted in a
haemocytometer and plated in Falcon plastic 30 mm petri dishes in the
desired density.

For the setting up of mesenchymal cells cultures, Stage 38
gizzards were dissected aseptically. Then the mesenchyme and smooth
muscle was separated as far as possible from each other. The
connective tissue was chopped to small pieces and shaken in Ca Mg free
HBSS containing 0.5% trypsin and 0.1% collagenase at room temperature

for one hour in a rotatory shaker. The cells were transferred to Ca Mg
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free HBSS containing 1% foetal calf serum and plated on 30 mm Falcon
petri dishes, in growth medium 199 (Gibco) containing 2.8% bicarbonate
(Gibco), and 10% foetal calf serum. Cultures were observed daily using
inverted phase contrast microscopy, fixed for 1/2 hour in primary
fixative, processed, mounted and cut for light microscopy survey and
electron microscopy examination. All media were calibrated to a ph
7.2-7.4 using a Coning Ph meter 125.

Fixatives

Primary fixative was 1/2 strength Karnovsky (Karnovsky,
1965) made up in 48 mls of distilled water, in the following way;
1) 1 gram paraformaldehyde dissolved in 25 ml distilled water by
heating to no more than 60 C adding 2-3 drops of NaOH.
2) 18 ml of 0.2 M sodium cacodylate buffer.
3) 4 mls of 257 glutaraldehyde EM grade.

Osmium fixative was made up of equal parts of 2% Osmium
tetraoxide and 0.2 M sodium cacodylate buffer so that the final

molarity of the buffer vehicle was 0.1 M.
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protocol 2-1

Fixation, processing, and embedding protocol for light and

electron microscopy (Karnovsky,1965)

1) Primary fix 2 hours or overnight in the refrigerator.
2) wash in 0.1 M Na cacodylate buffer 5 minutes.
3) fix in osmium tetraoxide for one hour in the dark.

4) Wash in 0.1 M Na cacodylate buffer 5 minutes.

5) wash in 25% alcohol 5 minutes.

6) wash in 50% alcohol 5 minutes.

7) wash in 70% alcohol 5 minutes.

8) wash in 90% alcohol 10 minutes X 2.
9) wash in absolute alcohol 20 minutes X 3.
10)wash in propylene oxide 20 minutes X 3.
11)w§sh in propylene oxide / araldite 45 minutes.

mixture

12) Leave in araldite overnight
13) Change to fresh araldite all day, and then block in fresh
araldite mixture overnight in 60 C oven.
Araldite resin was made up of;
10 gm Araldite CY212
10 gm Hardener ddsa
0.8 gm DBP plasticizer
0.40 gm DNB 30 hardener
In processing of autoradiographic specimens, the osmium

tetraoxide step was omitted, and a 10 minutes wash in 70% alcian

green, in the 70% alcohol step was added.
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Protocol 2-2
Ruthenium red fixation (Luft 1971 I & II).

1-Fix for one hour in;

3.6% Glutaraldehyde 0.5ml
0.2 M Cacodylate buffer 0.5 ml
Ruthenium red stock 0.5 ml

2- Rinsed in 0.15 M cacodylate buffer over 10 min.

3- Fixed again for one hour in;
5% osmium 'tetroxide jip distilled water 0.5ml
0.2 M cacodylate buffe 0.5 ml
Ruthenium red : 0.5 ml

4- Rinse in Cacodylate buffer ,dehydrate and embed.

Protocol 2-3

Preparation of slides for autoradiography (Humason,1978)

The slides were;
1)Soaked in cleaning solution overnight (One part of concentrated HCL
to ten parts distilled water).
2)Washed in tap water.
3)Washed in distilled water for one hour.
4)subbed in subbing solution (Gelatine 5 gm,dissolved in 1000.m1
distilled water, add 0.5 gram chrome alum).
5)Dried vertically.

6)Stored in dust free box.
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Protocol 2-4

Dipping of the mounted slides in nuclear emulsion (Rogers,

1969):
Ilford L-4 nuclear emulsion, in 50 ml batches was used
throughout the study. Dipping was done in the dark room, using
safe light.
1) In pre-heated 43 C, water bath.
2)Emulsion was melted to measure 30 mls.
3)30 ml of 2% glycerol was added to emulsion.
4) Allowed to mix for 10 minutes.
5)Slides were dipped, once, in the vertical position.Dipped slides
were allowed to drip, while the back of the slides was wiped.
7)Slides were laid on a cool plate, for the emulsion to gel and then
dried in oven.
Dipped slides were stored in a light proof box, and exposed
for at least four weeks, in the cold room at 4 C.

Protocol 2-5
Developing and fixing exposed slides (Rogers,1969)

In complete darkness;

1) Slides were allowed to reach room temperature.

2) Developed in D19 for 7 minutes at 20 C.

3) Washed in running tap water.

4) Fixed in amfix 1:4 for 10 minutes at 20 C.

5) Washed in running tap water for 10 minutes and rinsed in

distilled water.
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CHAPTER 3

Gizzard asymmetrical morphogenesis

In adult birds, the stomach complex is made up of two parts,
the proximal symmetrical proventriculus and the distal asymmetrically
shaped ventriculus or gizzard. The gizzard is an asymmetrically
shaped, grossly dilated organ with a long greater curvature and a
shorter lesser curvature (Romanoff,1960). The epithelial endodermal
lining is surrounded by two powerful smooth muscle aggregates,
connected by two tendinuos fascia. Sjogren (1941) observed a blind
pouch which subsequently elongated. Little is known about the gizzard
asymmetrical morphogenesis. However, Bennet & Cobb (1969 I, II, & III)
have examined the neuromuscular development of the gizzard. In this
chapter the morphogenesis of the gizzard with particular reference to
asymmetry was examined, using longitudinal one pm thick plastic
sections for light microscopic examination, and ultrathin sections for

transmission electron microscopic examination.
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Stage 20 straight tube

At this stage, the gizzard is a straight epithelial tube
(fig.3-2, fig.3-5 a) surrounded by undifferentiated mesenchymal cells
that are densest dorsally. The epithelium in longitudinal sections can
be divided into a dorsal and a ventral region. Dorsally, the cells are
tightly packed with no intercellular spaces. Ventrally the
intercellular spaces are abundant.

STAGE 21++, 22 & 23 ; stage of evagination.

The dorsal epithelium evaginates into the dorsally condensed
mesenchyme during stage 21 H & H and so is transformed into an
distal bulging epithelium and a dorsal uninvaginated straight
epithelium (fig. 3-3 & fig. 3-5 b & tab. 3-1).

When the length of the bulge region in the unfixed,
enzymatically separated gizzard epithelium was measured and compared
to the length of the unfixed wings, it was found that the bulge region
growth in length, at the evagination phase,was linear. The shortest
length of the bulge region was 100 pm (table 3-1 and fig. 3-1).

In longitudinal sections, the bulge region was made up of
tightly packed, elongated, tall columnar epithelial cells. The nuclei
were ovoid and oriented along the longitudinal axis of the cell. All
the cells in the bulge developed apical cytoplasmic blebs protruding
into the lumen. The bulge region was denser than the dorsal
uninvaginated and ventral regions. Most of the nuclei of the bulge
cells were found basally and few in midsheet. The bulge cells
typically measured 50 pm in length (fig. 3-6). The bend cells had
similar dimensions. The dorsal columnar cells measured 15-20 pm in

length (fig. 3-8b). These figures were typical of the evagination
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phase as a whole.

Ultrastructural examination of the bulge epithelium

(diagrammatical representation in fig. 3-15)

The bulge cells were tall elongated columnar cells,apically
constricted and basally narrow with ovoid nuclei oriented along the
longitudinal axis of the cell (fig. 3-6 & 3-7 a & b;fig.3-15). At the
apical constrictions, transverse microfilament bundles of 40-60 A in
diameter were seen; they were thickened, straight elements, with
electron dense opacity along their course and were attached to apical
junctional complexes (fig.3-11 a & b, and fig. 3-14 c). Numerous
apical cytoplasmic blebs protruded into the lumen (fig.3-6). These
blebs extended beyond the apical constrictions. At the apical end of
the cells, and in favourable sections at our working magnification,
junctional complexes were seen. The outermost portion of the complex
began at the convergence of the outer cell membrane as a narrowing in
the intercellular space, with increase in the electron opacity of the
cell membrane, and running a rather straight unwavy course. This
portion may be a tight junction (Z.occludens). The next portion was of
a wider intercellular space with adjacent cytoplasmic densification.
This portion may be a gap junction (Z.adherens) (fig. 3-13a). The
cells were connected laterally by desmosomes (fig. 3-13B). In the
elongated cells the nuclei were ovoid and oriented along the
longitudinal axis of the cell. The cellular organelles were abundant
as Golgi apparatus, elongated mitochondria and, RER, and were oriented
strictly along the longitudinal axis of the cells (fig. 3-12 b & fig.
3-10). 240 A microtubules were readily observed, oriented along the

longitudinal axis. They were long, found throughout the length of the
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cell, and in the perinuclear area, and associated closely with the
polarised cellular organelles (fig. 3-12 b & 3-14 a). Also a thicker
type of filaments, 100 A intermediate filaments, in bundles, were
readily observed coursing along the longitudinal axis of the
cells,extending down to the base of the cells. They were seen attached
to desmosomes (fig. 3-13 b) and were thought to be epithelial keratin
filaments (fig. 3-14 b).

The cells at the bend of the bulge epithelium

(diagrammatical representation in fig. 3-15).

These were also polarised cells, with more pronounced apical
constrictions (fig. 3-9) but basally wider than the bulge cells
(fig.3-12 a & fig. 3-15). The apices of the cells were constricted,
and at the constrictions, apical junctional complexes, which may be of
the tight and gap junctional types, and more pronounced bundles of
transverse circumferential microfilaments of 40-60 A were readily
observed (fig. 3-11 ¢ & d). Also, cellular organelles such as the
mitochondria and the Golgi apparatus were abundant and oriented along
the longitudinal axis of the cells. The microtubules and the
intermediate filaments were also oriented longitudinally, and seen
coursing to the base of the cells (fig. 3-12a) and closely related to
the oriented cellular organelles. The nuclei were more basally
situated.

Straight dorsal uninvaginated epithelium

This epithelial region was made up of shorter columnar
cells, typically measuring 15-20 pm long. The nuclei were rounded and
basally situated. Apically, the cells were connected by apical

junctional complexes which were less extensive than those of the bulge
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region. Transverse microfilaments were seen, but were attenuated and
thinner than those of the bulge region. Microtubules were rarely seen,
as they were short, not polarised along any cellular axis. The cells
rested on a thick uninterrupted basement membrane (fig. 3-8 a & b).

The ventral region was made up of cells of similar
dimensions, with abundant intercellular spaces.

At the epithelio-mesenchym;l”interface, a fully developed
basement membrane was observed that was not thinned or interrupted at

any point. It was made up of basal lamina, lamina lucida interna, and

lamina lucida externa (fig. 3-8a).

Stage 24-25 : stage of late evagination

This is the stage of late evagination in which the
asymmetrical shape of the gizzard was established. The bulging
epithelium increased in length (table 3-1& fig. 3-1), but on the other
hand the dorsal epithelium increased to a greater length than the
bulge region. The bulge region maintained its cellular morphology in
which the constituent cells were tightly packed to each other with
extensive apical cytoplasmic blebbing, apical constriction and basal
narrowing, with oriented, ovoid, midsheet nuclei and cellular
organelles and cytoskeletal elements strictly polarised along the
longitudinal axis (fig. 3-10).

Thus, as aresult of evagination (fig. 3-5), the gizzard
attained the basic asymmetrical morphology. The evagination phase took
24 hours to establish the basic asymmetry of the gizzard.

The dorsal undifferentiated mesenchyme was, as a result of
evagination, also divided into a distal dorsal mesenchyme which

overlies the bulging epithelium, and a denser dorsal mesenchyme which
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underlies the dorsal epithelium. The dorsal mesenchyme was intimately
apposed to the base of the dorsal epithelium. The basement membrane

was a fully developed structure made up of lamina rarae interna, basal
lamina, and lamina rarae externa into which reticular fibres inserted.

Phase of dorsal expansion -

During this phase dorsal expansion transformed the basically
asymmetrical gizzard, established by evagination, to a dorsally
protruding organ with a shorter ventral lesser curvature and a longer
dorsal greater curvature (fig. 3-16, 17,18, 19, 20, & 21 sequentially
and for diagrammatical representation fig. 3-22 A & B).

Stage 26-27

At stage 26, rapid dorsal expansion of the dorsal epithelium
and the undifferentiated mesenchyme began. From the tip of the bulging
dorsal epithelium, a cord of epithelial cells protruded into the
dorsal mesenchyme (fig. 3-16 a, b ;fig. 3-17 & fig. 3-22 a). This cord
was made up of two opposing sheets of columnar epithelial cells ending
in a smooth rounded tip (fig. 3-16 b & fig. 3-23). The lumen of the
cord seemed obliterated. Several mitotic figures were seen in the cord
and the distal dorsal region of the epithelium. The mesenchymal
compartment began to develop into an outer myoblast aggregate and an
inner tunica propria (fig. 3-16a & £ig.30 a & b).

Ultrastructural examination of the invasive cord revealed a
potential lumen in the cord (fig. 3-24). The cells were closely
opposed but did not develop contacts across the potential lumen which
contained amorphous material. The lining cells were polarised and
formed a columnar epithelia. Apically they were connected by apical
junctions and laterally by desmosomes, and they extended small apical

cytoplasmic blebs into the lumen and short microvilli (fig. 3-24). The
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cellular organelles were abundant, and numerous small clear secretory
vesicles were seen apically, but no secretory granules were seen.
Numerous small rounded mitochondria were seen in the cells.

The characteristic feature of the morphology of the cord
cells was the scanty, thin basal lamina which was sometimes
interrupted at the distal tip (fig. 3-28 b & c & fig.3-29 a). At these
interruptions, the basal epithelial plasma membrane showed cytoplasmic
blebbing (fig. 3-28 b &c). These blebs were short, with a broad base,
and contained basic cytoplasmic gel which contained some ribosomes,
but was devoid from cellular organelles. In some of the blebs, an
uninterrupted band of filamentous material extended across the bleb
base, as it connected the cell body. The mesenchymal cells did not
extend any blebs or filopodia into the epithelia.

Sometimes these blebs would make direct epithelio-
mesenchymal contacts, separated by variable space of 100A to 400A. The
apposing plasma membrane was sometimes of increased opacity (fig. 3-28
b) but did not develop specialised junctional complexes. Only one type
of contact developed between the epithelia and the mesenchyme. No
mesenchymal filopodia extended into the epithelium. The blebs and
contacts were only observed whenever there was interruption of the
basal lamina.

The mesenchymal cells around the invading cord were small
and rounded in shape with a low nuclear to cytoplasmic ratio. The
cytoplasm was reduced to a small rim around the nucleus with a paucity
of cellular organelles (fig. 3-23 &fig. 3-28 c). The extracellular
space was clear and seemed devoid of fibrillar elements. Thus there

were no reticular fibres extending into the basal lamina of the

63



adjacent epithelial cells.

The epithelial lining of the other parts of the gizzard was
made up of tall columnar cells with apical secretory granules. The
basement membrane was a fully developed structure (fig. 3-30a).

Stage 28-30 (fig. 3-18 & fig. 3-19; fig 25 a & b)

In this stage dorsal expansion continued with the gizzard
becoming more dorsally protruding, with a shorter lesser curvature and
a longer, dorsal greater curvature. The epithelium was invested by a
loose layer of tunica propria and an outer myoblast aggregate.
Ultrastructural examination of the invading epithelium revealed
characteristics of the invading epithelial cords described earlier, as
the basement membrane at the cord was thin and sometimes interrupted
at the distal tip(fig., 3-26 a & b; 3-29 b &c; 3-27 a & b). Through
these interruptions basal blebbing developed, which sometimes made
direct epithelio-mesenchymal contact (fig. 3-28 a& fig 3-25c). These
contacts did not develop specialized junctional complexes.

The mesenchymal cells into which the epithelium was invading
were small, and were separated from each other by a clear intercellular
space, which contained very few fibrils. The cells in this area were
intermediate in density, from the tightly packed myoblast aggregate and
the less dense tunica propria cells.

Stage 31-32 (fig. 3-20)

The gizzard has increased in depth dorsally maintaining the
basic changes in shape, with a greater dorsal curvature and a shorter
ventral lesser curvature.

Stage 34 (fig. 3-21)

At this stage, the basic adult shape of the gizzard was
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attained. The gizzard was a dorsally protruding deep U-shaped organ
with a ventral short lesser curvature and long dorsal curvature. At
this stage, the dorsal epithelium was no longer organised as the
invading tip of the epithelium seen in earlier stages. The dorsal
epithelium was now wide lining a fully established lumen. The
epithelial lining columnar cells were polarised towards the lumen. The
mesenchyme investing the dorsal-most epithelium differentiated to an
investing lamina propria and outer thin rim of smooth muscle, similar

to the adult organ.
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DISCUSSION

Data collected in this study, have shown that gizzard
morphogenesis passed through two phases. The first phase involved
evagination morphogenesis during which the basic asymmetry was
established. During the second phase, dorsal enlargement of the
asymmetrical gizzard took place transforming the gizzard rapidly into
a dorsally protruding organ. Following attainment of the basic overall
morphology, further development consisted of general growth of
constituent parts.

The evagination phase began at stage 21++ in which the
dorsal epithelium bulged, then shifted caudally and grew over the
following 24 hours to establish the basic asymmetrical shape of the
organ. The morphological difference between the bulge and the dorsal
uninvaginated epithelium was apparent. In the whole length of the
bulge region, the cells were denser and taller than the rest of the
dorsal epithelium. In its evagination, the focus of deformation was
the bulge epithelium and the area of the bend which connected the
bulge to the dorsal epithelium. The latter could be thought of as
peripheral to the focus of evagination.

By measuring the length of the bulge region and comparing it
to the length of the limb, it was found that the shortest length of the
bulge was about 100 pm. The bulge continued its linear growth
throughout evagination phase.

The cells of the bulge and the bend formed a dense, crowded,
tall, elongated, columnar epithelia, with cells apically constricted and
basally narrow . The cells in the bend were more apically constricted

and with wider bases, whilst the cells in the bulge were more uniformly
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elongated with narrow bases and constricted apices. The bulge cells
were connected by tight and gap junctional complexes with thickened
cortical transverse circumferential bundles of microfilaments, which
were more pronounced in the bend cells. No basal transverse
microfilaments were seen. Microtubules, and bundles of 100 A
intermediate filaments were polarised along the longitudinal axis, as
was the abundant cellular organelles, like Golgi apparatus, RER and
mitochondria. The microtubules were closely related to the cellular
organelles.

The dorsal epithelial cells were shorter columnar cells with
attenuated apical transverse microfilaments and rarely observed
microtubules.

The cellular morphology was repeated in the bulge during the
subsequent stages.

As for the second phase, expansion started at stage 26
and continued to establish basic overall shape. It seemed that dorsal
expansion was achieved by the area of the maximum bend of dorsal
epithelium as it expanded dorsally. The mesenchymal cells around this
region were small, rounded, with clear intercellular space devoid of
extracellular material. This area did not differentiate into myoblast
aggregate and tunica propria. The hallmark of this region was the
development of an epithelial cord of cells where the basement membrane
was thin, scanty and sometimes interrupted at the tip. At these
interruptions the basal epithelial plasma membrane showed cytoplasmic
blebbing. Sometimes these bleb would make direct epithelio-mesenchymal
contacts. There was no mesenchymal extension into the epithelium. The

basal epithelial blebs contacts were not extensive and were observed
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whenever there was interruption of the basal lamina.

Histological and ultrastructural results have clarified
certain aspects of the gizzard morphogenesis. It was clear that basic
asymmetry was attained as a result of evagination of the dorsal
epithelium. However, the role of growth in evagination morphogenesis
will be discussed in the next chapter.

Evagination morphogenesis was brought about by a process of
co-ordinated cell shape change as the cells in the bulge became
crowded, elongated, apically constricted and basally narrow, and,
while the cells of the bend were also elongated, they were apically
more constricted and basally wider. Therefore, there was within the
bulge, regional variation in the shape of the cells, in addition to the
cell shape change, as compared to that of the dorsal uninvaginated
epithelium. The epithelial cells in the straight, uninvaginated region
were shorter, and both wider apically and basally. The active cell
shape changes appeared to be related to the activities and
polarisation of the cellular cytoskeletal elements in the bulge. Thus
changes in cell shape and consequent organ shape changes appeared to
be brought about by changes intrinsic to the cells themselves.

Cell elongation was the hallmark of the bulge and bend
cells, and may be related to crowding of the cells and an increase in
lateral contacts and basal narrowing. In the elongated cells,
microtubules were readily observed. The pattern of their intracellular
distribution and their differential presence in the elongated cells
during bulging and evagination morphogenesis suggested that they are
causally correlated to cellular elongation. They were straight, long,

and strictly polarised along the longitudinal axis of the cells and
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were readily observed closely related to the elongated and polarised
cellular organelles.

Microtubules were consistently found in the elongating
palisading cells of various developing organs. In addition to their
spatio-temporal correlation to cellular elongation, their disruption
by the drug colchicine caused the collapse of the elongated shape of
the treated cells. The evidence implicating them in elongation seemed
quite good. However the mechanism with which they cause cellular
elongation was not precisely known (Burnside,1971 & 1973). In the
bulge cells, as these elements were found near the elongated nucleus,
and near the polarised elongated cellular organelles, it may be that
cellular elongation was brought about by active streaming of the
cellular elements along the longitudinal axis. Also, since they were
long, straight and uncurved they may effect elongation by active
elongation by adding new subunits of tubulin.

Apical constriction was also prominent in the bulge cells,
and even more so in the bend cells. The apical cortical transverse
microfilament bundles were seen at the apical constriction. The
intracellular distribution, orientation and spatio-temporal
correlation of these microfilaments to the apical constriction and
bulging process, suggested that their contraction may bring about
apical constriction. These microfilaments were arranged in transverse,
circumferential bundles around the apex. Thus they were correctly
oriented to effect such apical constriction. They were also thickened
in the bulge and bend cells at the apical constriction, while they
were thin and attenuated in the dorsal uninvaginated epithelium. In

the bulge and bend cells they were also associated with more extensive
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apical junctional complexes than the short complexes seen in the
dorsal uninvaginated epithelium.

These microfilaments are also spatio-temporally correlated
to apical constriction in other developing organs, and their
disruption arrests the evagination morphogenesis (Wessells et al.,
1971). The suggested method for their contraction, is the sliding
filament hypothesis, which explained their increased thickness in the
area of contraction and exclusion of other cellular organelles. This
hypothesis also explained the shortening effect of their contraction.

In the narrowed bases of the bulge epithelium, no basal
microfilament bands were seen. Basal narrowing may be related to
crowding of the cells or result from cell elongation.

Intermediate filaments were also consistently seen polarised
along the longitudinal axis of the cell. There was close association
between the intermediate filaments and the microtubules. This may
impart rigidity and stability to the bulge.

The bending process occured in the region where bend cells
developed more pronounced apical constriction than the rest of the
bulge cells. It is suggested that bending may be caused by the apical
constriction of these cells which then act as a nidus for evagination,
and that the continuous co-ordinated cell shape change in the bulge
and bend regions, as compared to the dorsal epithelium, and the
ultrastructural correlates, may drive the bending process throughout
the evagination phase and not only serve to initiate it.

Similarly, in chick neurulation, the neural plate forms a
tube by a process of cells changing shape, involving elongation and

apical constriction of cells, and regional variation in the
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distribution of more apically constricted cells in the
supranotochordal and medio-lateral bends (Shoenwolf, 1985; Nagele &
Lee, 1987). In chick neurulation, anti-microtubular, anti-
microfilaments, and calcium antagonists, not only prevented initiation
of cell shape changes, but caused collapse of the elevated lateral
folds. (Smedely and Stanistreet,1986). Also, in the neurulation of the
rodents, the elevation of the neural biconvex folds may be related to
the shape change in the neural plate cells (Jacobson and Tam,

1982; Saddler et al., 1982). This strongly suggest that lateral fold
elevation is brought about by forces within the neural tube.

In explaining cell shape changes, it is suggested that a
wave of apical contraction in the bulge cells together with cell
elongation, may have caused the shrinkage of the bulge region, which
may increase lateral contacts and crowding of the cells in the bulge
and bend region. Supporting this hypothesis, is the finding of at least
a 100 pm bulge length in the earliest of evaginations which showed
that the bulge developed rapidly. The bending process may be brought
about by more apical constriction in the bend region.

However the role of cell proliferation will be discussed in the next
chapter.

In the dorsal expansion phase, the gizzard expanded to one
large, grossly dilated organ. During this phase, the cellular and
extracellular features at the dorsal-most expanding area, which
comprised the distal epithelium and the surrounding mesenchyme, were
characteristic. An epithelial cord of cells developed, with the basal
lamina thin and scanty and at times interrupted at its tip. The

surrounding mesenchymal area was characteristically clear of
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intercellular material. The epithelial cells were columnar and
structurally polarised. The mesenchymal cells were small, with large
nuclear to cytoplasmic ratio. These features suggest that these cells
were young and immature, or they are oriented with their longitudinAI
axis perpendicular to the axis of invasion.

At the basal laminar interruptions, some basal epithelial
blebs, which were only observed in the electron microscope, were seen.
These were only of one type. Blebs extended through the basal laminar
interruption only. The significance of basal epithelial blebs relates
to the mechanism of their formation and as a part of the epithelio-
mesenchymal direct contacts observed. As these blebs developed only in
areas of interrupted basal lamina, together with the observed band of
filamentous material at the base of the bleb, and the presence of
basic cytoplasmic gels only in them, together these findings suggested
that the development of the blebs may be a passive process, as a
result of uncoupling of the plasma membrane from the cortical
filaments in the interior of the plasma membrane.

Epithelio-mesenchymal contacts have been observed in various
other developing organs. Contacts were either from the epithelium to
the mesenchyme only, or involved in reciprocal epithelium and
mesenchymal extensions into each other. It has been suggested that
they represent methods of mediating epithelio-mesenchymal interaction
during differentiation; on the other hand they have also been observed
in phases of rapid growth.

In the next chapter the role of cell proliferation in
gizzard morphogenesis will be discussed and it will be seen if the

observed ultrastructural features can be correlated with the pattern
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of cell division .
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WOV WN -

No.OF ANIMAL STAGE

20
20
20
21 early
21 early
21
21
21
22 early
10. 22
11. 22
12. 23
13. 23
14, 23
15. 23
16. 24
17. 24
18. 24
19. 24
20. 24
21. 25
22. 25
23. 25
24, 25
25. 25

Table 3-1: measurements of length of bulge compared to length of

limb. Both unfixed.

LENGTH OF BULGE LENGTH OF LIMB

IN MICRONS

NIL.
NIL
NIL
100
NIL
125
125
140
140
166
200
270
230
250
230
310
300
300
300
275
310
400
350
300
350
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IN MILLIMETRES

0.58
0.52
0.52
0.62
0.72
0.70
0.70
0.83
0.75
1.1
1.02
1.77
1.20
1.30
1.30
1.77
1.95
1.90
1.95
1.75
1.90
2.30
2.30
2.35
2.35



Fig 3-1. The graph shows the relationship between the length of the
bulge epithelium and the length of the unfixed wing of the same

animal. There was linear growth of the bulge
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Figures 3-2, 3-3, and 3-4. Evagination morphogenesis of the chicken
gizzard.

Figure 3-2. A longitudinal section of stage 20 gizzard. The gizzard
was made up of a straight epithelial tube surrounded by

undifferentiated mesenchymal (mes) cells which were condensed

dorsally. Scale bar =100 pm.

Figure 3-3. A longitudinal section of the early evagination gizzard
at stage 23. The dorsal epithelium has evaginated into the dorsally
condensed mesenchyme. The dorsal epithelium was made up of the
straight uninvaginated epithelium, the area of maximum bend and the
‘bdlge‘epifheiiﬁm'(5&).ATheAf6cﬁs-of deformation was the bulge
epithelium and the area of maximum bend, both shifted caudally in the
direction of the curved arrow. The undiferentiated mesenchyme was

closely adherent to the dorsal epithelium. Scale bar = 100 pm.

Figure 3-4. Longitudinal section at stage 24. The bulge epithelium
shifted caudally and grew slowly in length. Thus the gizzard, by
dorsally evaginating, became asymmetrical in shape. Curved arrow =the
direction of bulging. Scale bar=100 pm.

V-ventral, D-dorsal, Ca-caudal, Ce-cephalic, Duo-Duodenum, P-

Pancreas.
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Figure 3-5 A & B. Diagrammatical representation of the evagination
stage.

A. Represents stage 20 gizzard. At this stage, the gizzard was still
a straight epithelial tube surrounded by undifferentiated mesenchyme
which was densest dorsally.

B. Represents evagination stage gizzard. At this stage the dorsal
epithelium bulged dorsally.

V=ventral. D=dorsal. Ca=caudal. Ce cephalic. mes=mesenchyme.
Duo=duodenum.

Figures not to scale.
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Figure 3-6. A low power survey electron micrograph of the bulge of
stage 23 gizzard in longitudinal section. The bulge region was a
densely packed area with élongated columnar cells, with extensive
apical blebbing (b) into the lumen (L). Nuclei were ovoid, oriented
and found basally and in midsheet. Arrow points to a slender cell
which being favourably cut appears in toto. In the next two
photographs, the apex and base of this cell will be shown at higher

magnification. L=lumen, Mes=mesechyme,V=ventral epithelium. (X 960).

Figure 3-7 A. Shows the apex of the cell in fig. 3-6. It is thin and
slender with abundant cellular organelles such as the Golgi apparatus
(g), elongated mitochondria oriented along the longitudinal axis of
the cell. Extensive apical blebs (b) extend into the lumen (L). (X
4600)

Figure 3-7 B. The base of the cell in fig 3-6. It was narrow with
elongated filaments (f) arranged in bundles and oriented
longitudinally. The basement membrane (bm) was intact uninterrupted,

and the mesenchyme (mes) was condensed under the epithelium. (X 4000)
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Figures 3-8 A. Cells of the straight uninvaginated dorsal

epithelium of stage 24 gizzards. The mesenchymal cells were condensed
dorsally and closely | abutted the epithelial cells. The basement
membrane was thick and complete. mes=mesenchyme,Bm=basement membrane,

E=epithelium. (X5000)

Figure,3-8 B. Stage 23 cells of the straight uninvaginated region of
stage 23 were low cuboidal cells, with rounded nuclei, and little
apical blebbing, rounded mitochondria, and abundant organelles which
were not oriented along the longitudinal axis. L=lumen,Bm=basement

membrane ,mes=mesenchyme. (X4000)
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Figure 3-9. The apices of cells at the area of the bend of a stage 22
gizzard. The cells were apically constricted with extensive apical
cytoplasmic blebbing (b), and at the constriction there were long

segments of junctional complexes. (X4950)

Figure 3-10. The apex of the cells in the area of the bulge of stage
24 away from the area of maximum bend, also showing apical
constriction and extensive apical blebbing with long segments of
junctional complexes. Note also the orientation of the cellular

organelles along the longitudinal axis of the cells. (X 4950)
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Figures 3-11 A, B, C, & D. These show higher power of the apical
areas of the bend cells and bulge cells, showing transverse apical
microfilament bundles at areas of constriction.

Fig. 3-11 A. The apices of cells in the bulge region, showing apical
blebbing (b) and transverse apical microfilament bundles (arrowhead)

attached to junctional complexes. (X 5000).

Figure, 3-11 B. Higher power of inset in figure B showing
microfilaments (mf) attached to junctional complexes(arrow).(X

22500).

'Fig., 3-11 C. Apical microfilaments (arrows)in the bend region where
the apices of the cells are narrower. The microfilaments were
circumferential, running longitudinally downwards perimembranously,

excluding the cellular organelles. (X 22000).

Fig., 3-11 D. Apical transverse microfilaments (arrowheads) in the bend
cells which were narrower than the apices of the bulge cells.
Longitudinally running microtubules (open arrowhead) and

longitudinally oriented filaments (f). (X 23000)
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Figure 3-12 A.. The cells of the bend were elongated tall and
columnar. The cellular organelles like mitochondria were abundant and
oriented along the longitudinal axis of the cells. Also, microtubules
(arrows), intermediate filaments (IF) were abundant and oriented
along the longitudinal axis of the cells. The intermediate filaments
were arranged in bundles. The basement membrane (bm) was

uninterrupted. (X3900)

Figure 3-12 B. In the cells of the bulge, organelles were also
abundant and oriented along the longitudinal axis like microtubules
(arrows), intermediate filaments (IF), Golgi(G), and RER (R) (X

3900).
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Figure 3-13 A. An apical junctional complex from stage 24 gizzard.
The first part of the junctional complex nearest the lumen was
characterized by close apposition of the cell membrane, a reduction
in the intercellular space and was a rather straight segment. This
may represent a tight junction (T). However the fusion of the
‘external leaflet of the cell membrane usually seen in tight junctions
and the point of convergence from the outer cell membrane were not
apparent. This segment led to a dilated region which may represent a
gap junction(G). There was cytoplasmic densification with organelle
free region in the perimembranous area and there were some filaments

" inserting into the gap junction (X 91,000). -

Fig 3-13 B. A desmosome from stage 24 gizzard epithelium with

intermediate filaments (IF) inserting into it. (X 82,500).
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Figures 3-14 A, B, and C. Higher power micrographs of the
cytoskeletal elements.

A. 240 A microtubules (arrows) course along the longitudinal

axis of the cells, interspersed between cellular organelles and in

perimembranous areas of stage 23 gizzard. (X 32,000).

B- Shows bundles of 100 A intermediate filaments (IF)coursing along
the longitudinal axis of the cells of stage 24 gizzard. Microtubules
(arrows) were also seen coursing longitudinally, in close association

with the intermediate filaments. (X 25,000).

C-Shows 40-60 A apical microfilaments (mf) in stage 24 gizzard (X 90,
000).
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Figure 3-15. Diagrammatical representaion of the cytological and
ultrastructural features of the evaginating epithelium. The bulge
and the bend epithelium were longer than the dorsal epithelium. The
bulge epithelium was apically constricted and basally narrow. The
bend cells were apically more constricted and basally wider. The
dorsal straight epithelium was cuboidal in shape. In the bulge and
the bend cells the cellular organelles were oriented along the
longitudinal axis of the cells. Also,there were apical transversely
oriented microfilaments, and longitudinally oriented cytoskeletal
elements. On the other hand, the cellular organelles in the straight
 epithelium were not oriented along the longitudinal axis.The basement
membrane was uninterrupted throughout. Figure not to scale.

L=lumen. Bm=basement membrane. g=Golgi apparatus. mes=mesenchyme.
N=nucleus. m=mitochondria. mt=microtubules. mf=transverse

microfilaments. IF=intermediate filaments. V=secretory vesicles.

95







Figures 3-16 A & B Stage 26. Longitudinal section of gizzard. The
dorsal epithelium and the surrounding mesenchyme began to expand
caudo-dorsally. From the dorsal epithelium a variable length cord of cells
developed, which lead dorsal expansion. The cord was made up of
polarized epithelial cells surrounding a lumen which seemed
obliterated to variable lengths. The mesenchyme differentiated to
inner undifferentiated tunica propria and outer myoblasts cells. The
segregation to myoblast and tunica propria cells, occured proximally

away from the expanding distal end. A-Scale bar =200 pm.

B-Higher power of cord in 3-16 A, showing the invasive cord. Closed
arrowhead points to obliterated lumen. There are a number of mitotic

figures(open arrowheads). Scale bar=50 pm.

Figure 3-17. Longitudinal section of stage 27 gizzard showing a

small cord and segregation of the connective tissue to outer

myoblast (my)and inner tunica propria (tp). Curved arrow points to
direction of expansion of dorsal epithelium. Straight arrow points to
the duodenum(du) from the pyloric region. Scale bar = 200 pm.
V-ventral, D-dorsal, Caud-caudal, du-Duodenum, my-myoblast,tp=tunica

propria
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Figure 3-18 .
Longitudinal section through stage 28 gizzard during dorsal

expansion. The thick arrow points to direction of expansion. (Scale

bar = 200 pm).

Figure 3-19 .Longitudinal section through stage 30 gizzard during
dorsal expansion. Arrow points to direction of dorsal expansion. The
pyloric region (py) becomes progressively more proximal as the
gizzard expands dorsally. (Scale bar =200 pm).

V-ventral, D-Dorsal, L-lumen, Pr-proventriculus, my-myocytes, tp-

tunica propria, py-region of pyloris.
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Figure 3-20.longitudinal section of stage 31 gizzard. Scale bar=200

pm.

Figure 3-21. Stage 34/adult basic overall shape of the gizzard
(Scale bar = 100 pm).
du=duodenum, L=lumen, my=muscle, tp=tunica propria, D=dorsal regionm,

V= ventral, pr=proventriculus.
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Figure, 22 A & B Diagrammatical representation of the gizzard during
expansion stage showing two examples of stage 26 and stage 30
gizzard . Figures not to scale.

A- Stage 26 gizzard. From the dorsal epithelium a cord of cells (c)
extended into dorsal mesenchyme. The mesenchyme differentiated into
an inner tunica propria (tp)and outer myoblast regions. However, the
region of mesenchyme ahead and around the tip of the cord remained
undifferentiated. At the tip of the cord, the basal lamina was
interrupted.

'=ventral, D=do;sa1? L=1umen.
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Figure, 22 B. Diagrammatical representation of stage 30 gizzard. At
this stage, the gizzard has expanded dorsally so that it is a deep
dorsally protruding organ with a lesser ventral curvature and longer
greater curvature. The cord (c) still leads dorsal expansion,

with the mesenchyme around the tip still undifferentiated. The
basement membrane of the cord cells was interrupted. Through
interrruption basal epithelial blebbs(b) were seen V=ventral,

D=dorsal, tp=tunica propria, shaded area =smooth muscle.
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Figure, 3-23. Shows the tip of the cord at stage 27 in which the
lumen seemed obliterated (arrowhead). The surrounding mesenchymal
cells are not differentiated into tunica propria and outer myocytes.

Scale bar=50pm.

Figure 3-24 Low power micrograph of the cord at stage 26 showing that
the lumen is present, and that the cord cells were oriented and
polarized cells. Apically the cells were connected by junctional
complexes (J).

(X 4600).
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Figure 3-25 A & B. Survey electron micrographs of the invasive cords
of the gizzard.

A- Shows stage 28 invasive cord in which the lumen was

occluded (Arrowhead). The basal aspect of the epithelial cells shows

intercellular spaces. (X 350).

Mes=mesenchyme, L=lumen.

B- Shows invasive cord of stage 29 gizzard. The cord was made up
.of oriented epithelial cells surrounding a potential lumen. Mitotic

figures were observed at the tip of the cord (Arrow). (X 350)

Mes=mesenchyme, L=lumen.
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Figure, 3-25 C. Diagrammatical representation of the ultrastructural
features of the invasive cord of the expanding epithelium. The cord
was made of polarized epithelial cells surrounding a potential lumen.
The basement membrane was thin and interrupted. Through these
interruptions basal epithelial blebbs extended and made direct
contact with surrounding mensenchymal cells.

Figure not to scale.

L=lumen, V= secretory vesicles, b=blebbs,F=filaments,

Mes=mesenchyme,mt=mitochondria.
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Figure 3-26-A. A low power of the tip of the cord of stage 28. The
extracellular space (EC)of the surrounding mesenchyme (mes) is clear
with very little extracellular matrix material.The basement membrane
underlying the epithelium was thin. (X 3960

Figure 3-26-B Shows a higher power of inset in fig3-21 A. The
basement membrane (bm) was thin and scanty and at times interrupted.
Through the interrupted regions epithelio-mesenchymal contact could
be seen. Intracellularly, at the area of interruption of basal lamina

there was a fibrillar bundle (arrow). (X 12000)

Figure 3-27A & B. These show the interrupted basal lamina and a
clear extracellular space devoid of extracellular material.
A (X 12000).

B (X 14000).
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